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 Understanding how cells function at the molecular level is major goal of modern 

biological research. Fluorescence microscopy provides a direct means of visualizing 

cellular structures, enzymatic reactions, chromosomal interactions as well as gene 

regulation at a single cell level. An obstacle in microscopy is diffraction; which limits the 

resolution of conventional fluorescence microscopy to ~200 nm laterally and ~500 nm 

axially.  More recently, researchers have developed new modes of microscopy that 

provide “super-resolution”, that is, they circumvent the diffraction limit. Using these new 

imaging techniques, we can now resolve structures at resolutions that are an order of 

magnitude improvement over the diffraction limit. This thesis presents several new 

imaging tools and methods we have developed in our lab to facilitate specific biological 

studies at high resolution at the single cell level. 

 Since the invention of super-resolution imaging techniques, the development of 

labeling methods for fluorescent imaging of non-fluorescent cellular structures has been 

a rate-limiting step.  Here, I describe a novel labeling method developed for super-

resolution imaging of cellular structures that utilizes RNA aptamers for labelling proteins 

with super-resolution compatible dyes.  The aptamer tightly binds to a common protein 

tag - green fluorescent protein (GFP).  Since there are so many cell-lines already created 
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that express GFP tagged proteins, this new labeling method can be used to study many 

proteins of interest without selecting and verifying the binding of a new aptamer to the 

protein we want to study.  I demonstrate the feasibility of this new labeling method by 

imaging proteins on the plasma membrane as well as proteins inside cells.  

 Another technique we are developing is for use in studies of chromosomal 

interactions. There are assumptions about how genes are regulated through enhancer-

promoter interactions; however, these assumptions are difficult to verify due to 

difficulties in visualizing the specific processes involved and difficulties in accurately 

identifying the regulatory sequences and proteins involved. In our new method, we 

combine locus-specific fluorescent labeling, 2-photon localized crosslinking and 

sequencing to help us achieve the goal of investigating chromosomal interactions.  

 Lastly, I investigated the use of NADH imaging to studying how a cancer cell’s 

metabolic state may change as the cell squeezes through confined regions in a model 

system of cancer cell extravasation, which will provide new insights into cancer cell 

metastasis.  In the study, I use microfluidic devices with constrictions of varying widths 

to mimic the type of constrictions cells experience as they leave and enter vessels. Since 

Nicotinamide adenine dinucleotide (NADH) is a cofactor involved in many metabolic 

reactions and is auto-fluorescent when excited with UV light (or 700 nm two-photon 

excitation), fluorescence lifetime and fluorescence anisotropy imaging techniques were 

used to monitor the metabolic state of the cells by measuring cellular NADH levels. 
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CHAPTER 1 

INTRODUCTION 

1.1 OVERVIEW 

 Optical microscopy is frequently used in biological studies due to several 

advantages that it provides over other techniques. First, imaging using visible light is 

relatively non-invasive and causes minimal perturbation to the system it examines, thus 

it has a wide range of applications for in vivo imaging. Second, optical imaging is highly 

specific, which makes it possible for us to distinguish different cellular structures by using 

a variety of labeling methods. Third, since light contains a wide range of colors, we can 

look at multiple unique cellular structures at once using multicolor imaging techniques. 

However, the biggest drawback of optical microscopy is the diffraction limit of light1. It 

is well known that light has both a wave and particle nature, called wave-particle duality. 

When the wavelength of the probe light is shorter than the dimensions of the object being 

observed, the object can be resolved. When the wavelength of the probe light is similar 

to, or larger than, the dimensions of the object, the wave-nature of light dominates and 

the light will pass by the object, forming a diffraction pattern with a size similar to its 

wavelength instead of being reflected as geometric optics would predict. Figure 1.1 

provides an example of how the diffraction limit affects our imaging resolution. Consider 

two molecules that are spaced 1 μm apart, if the wavelength of the probe light is much 

smaller than the distance between them, then the image it renders will show two distinct 

objects with clear edges. However, if the wavelength of the probe light is equal to or 

greater than 1 µm then the image will show two disks that are merged together. If the 

subject of imaging has a complicated structure, then the resolution limit will prevent these 
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Figure 1.1 Relationship between the wavelength of probe light and imaging 

resolution. The diffraction limit is positively correlated with the wavelength of the 

probe light. If the wavelength of the probe light is small, it can "see" smaller 

structures compared to probe light of a larger wavelength (figure taken from Cherry 

Biotech).  
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features from being distinguishable. The diffraction limit for optical microscopy is 200-

300 nm, so features below that size are unable to be resolved using traditional imaging 

techniques. Besides diffraction limit, the interaction between the photon and the molecule 

inside cells can produce free radicals. These free radicals might be biologically harmful 

to live cells2. To reduce the damage caused by free radicals, the intensity of the light 

source should be minimized.  

 

1.2 OPTICAL IMAGING TECHNIQUES  

1.2.1 Traditional imaging techniques 

Laser scanning confocal microscope (LSCM) 

Confocal Laser Scanning Microscopes3, 4 utilize a pinhole placed in front of the 

detector to eliminate out of focus light. Figure 1.2 shows the optical pathway of a laser 

scanning confocal microscope and outlines two types of scanning methods used in LSCM: 

point scanning and spinning disk. In a point scanning confocal microscope, two mirrors 

are used to control the position of the beam on the sample in the x- and y-axis. Since there 

is a single illumination beam, only a single point on the sample is illuminated at a given 

time. In order to acquire a full image of the sample, the beam needs to be scanned through 

the sample along both the x- and y-axis and combined to form a reconstructed image.  

The spinning disk confocal microscope5 uses an incoherent beam with much 

larger size and a spinning disk that contains arrays of pinholes. Thus, it can be used to 

image multiple points on the sample at the same time. As a result, the image acquisition 

speed of a spinning disk confocal microscope is much faster than that of a point scanning 

confocal microscope. Furthermore, the laser intensity used in spinning disk confocal 
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microscopy is lower than that used in point scanning confocal microscopy, resulting in 

less photobleaching and reduced damage to the sample. The major drawback to spinning 

disk confocal microscopy is that it is harder to align than the point scanning variety. 

 

Total Internal Reflection Fluorescence Microscope (TIRFM) 

TIRF microscopy is another commonly used optical imaging technique for 

studying biological systems. Unlike a confocal microscope that can image deep into the 

sample, a TIRF microscope is used to image the surface of the sample6,7. TIRF 

microscopy requires that the refractive index of the sample be smaller than the refractive 

index of the substrate on which it is mounted. In a TIRF microscope, the incident laser 

beam arrives at the sample coverslip from the objective at an angle that is larger than the 

critical angle defined by the properties of the system (1.1). Here, 𝜃" is the critical angle 

and 𝑛$, 𝑛%	are the refractive indices of the media (𝑛$	> 𝑛%). Thus, total internal reflection 

(TIR) occurs at the interface between the sample and the substrate. When TIR happens, 

an evanescent field is generated on the opposite side of the interface and decays 

exponentially (1.2). Here, 𝐼( is the intensity of the evanescent field at the surface and d is 

the penetration depth. Since the penetration depth of the evanescent wave for visible light 

is only ~100 nm, only this thin sheet of the sample will be illuminated, resulting in a 

significant decrease in background signal.   

   

 

𝜃" = arcsin	(12
13
)    (1.1) 

 

𝐼(𝑧) = 𝐼(𝑒78/:    (1.2) 
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Figure 1.2 Optical setups of (A) Point Scanning Confocal Microscope, (B) Spinning 

Disk Confocal Microscope, (C) TIRF microscope and (D) FCS microscope (figure 

1.2 (A) taken from Nikon; (B) taken from Olympus; (C) taken from Ref.1; (D) taken 

from German Cancer Research Center). 
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Fluorescence Correlation Spectroscopy (FCS) 

 Unlike confocal and TIRF microscopy, which provide direct visualization of the 

sample, FCS is used to study interactions among molecules indirectly by recording 

fluorescence fluctuations within a tiny volume8,9,10. It also provides a way of measuring 

the size of a molecule. The correlation function for single component in 3D diffusion is 

defined as11: 

𝐺(𝜏) = 𝐺( =
1

(1 + 𝜏
𝜏@
)A(1 + 𝜏/𝜔%𝜏@)

C				(1.1) 

where 𝐺( =
$
E

 and N is the average number of molecules in the focal volume, 𝜔 is the 

axial to lateral ratio of the focal volume, and 𝜏@  is characteristic residence time (the 

amount of time that a molecule spends in the focal volume). In order to detect the 

fluorescence fluctuations, the total number of molecules in the detectable volume 

shouldn't exceed 10. Since the focal volume is ~1 fL, the solution should be diluted to 

about 1 nM to meet this criterion12. 𝜏@ can be determined by fitting the acquired data to 

the correlation function. The diffusion coefficient can then be calculated by11: 

D = 𝜔GH/4𝜏@    (1.2) 

where 𝜔GH is the lateral radius of the measurement volume.  

 

1.2.2 Super-resolution imaging techniques 

Stochastic Optical Reconstruction Microscopy (STROM) & Photoactivated Localization 

Microscopy (PALM) 

Stochastic Optical Reconstruction Microscopy is a localization based super-

resolution imaging technique13. Even though structures with a feature size smaller than 
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the diffraction limit cannot be resolved, the position of a single molecule can be 

determined with ~20 nm precision by fitting its diffraction pattern to a Gaussian function. 

STORM works by either activating only a subset of fluorophores or turning most of them 

to the dark state. Thus, only a small fraction of molecules in each frame are bright, and 

since they are so sparsely distributed, we can locate their positions at sub-diffraction-limit 

resolution. After taking enough images to ensure that each fluorophore is sampled at least 

once, a reconstructed image with much higher resolution than that which can be achieved 

with traditional imaging methods13. The most common STORM imaging method uses a 

fluorescent switch, e.g., a Cy3-Cy5 pair14. This fluorescent switch can be turned on and 

off reversibly. At the beginning of each cycle, all the fluorophores are first turned to a 

dark state by a red laser with very high power. Then a low-intensity green laser is used to 

activate Cy5. Notably, Cy5 can only be activated with the presence of a secondary 

fluorophore-Cy3 that facilitates the switching process. The switching rate can be 

controlled by the intensity of the green laser. Thus, the power of the green laser can be 

tuned to control the number of molecules that are bright in each image. Direct STORM 

(dSTORM) is another commonly used STORM method. dSTORM is a simplified version 

of STORM since it uses a single fluorophore, e.g. Alexa 647 that can be reversibly turned 

on and off instead of photoconverting. A single laser line with high intensity is used to 

image the fluorophores while placing others into a dark state15,16. One requirement of 

dSTORM is that the imaging buffer must contain an oxygen scavenging system17,18. 

These increase the lifetime of the fluorophore's dark state and control the number of bright 

molecules on each frame of the image series. Photoactivated Localization Microscopy or 

PALM works similarly to STORM. The major difference between the two is the type of 
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Figure 1.3 (A) Schematic of Stochastic Optical Reconstruction Microscopy 

(STORM) and fluorophore-pair blinking mechanism. (B) Energy levels and photo-

physics property of dSTORM fluorophores. (C) Comparison of images of a COS-7 

cell expressing the lysosomal transmembrane protein CD63 tagged with the PA-FP 

Kaede acquired with confocal microscope and PALM. (D) Comparison between the 

images of Alexa 647-AntiGFP antibody stained GFP-microtubules acquired with 

the TIRF microscope and dSTORM. (Figure 1.3 (A) taken from Ref.6 (C) taken 

from Ref.12) 
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fluorophore used, PALM uses photoactivatable fluorescent proteins (PA-FP) while 

STORM uses organic fluorophores19.  

 

Stimulated Emission Depletion (STED) Microscopy 

Unlike STORM and PALM, which are wide-field super-resolution imaging 

techniques, STED is a scanning-based imaging technique20,21,22. Figure 1.4A shows the 

typical energy levels of a fluorophore and what stimulated emission is. Typically, 

fluorophores occupy either the ground state or the excited states. If the energy of an 

incident photon is equal to the difference between the fluorophore's ground state and the 

excited state, the fluorophore can absorb that photon and jump from the ground state to 

the excited state. The excited state, however, is usually not stable and the fluorophore will 

return to the ground state by way of several processes, most notably fluorescence, which 

is the emission of a photon. Since there will be energy loss during the process, the energy 

of the photon emitted is usually lower than that of the incident photon, and thus has a 

longer wavelength. However, the above cycle can be interrupted if the fluorophore 

interacts with another photon while it is in the excited state. Instead of undergoing 

spontaneous emission, the fluorophore will emit a photon that has the same energy as the 

second incident photon and immediately drop back to its ground state. In order to utilize 

this phenomenon to improve image resolution, a STED microscope uses both a standard 

excitation laser and a donut-shaped STED beam with a color corresponding to the 

fluorophores emission wavelength to deplete the fluorescence of fluorophores in the 

“donut”. As a result, only the fluorophores that lie in the center of the donut shape are   
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Figure 1.4 (A) Mechanism of stimulated emission. (B) Optical setup of a STED 

microscope and measured point spread function (PSF). (C) Comparisons of images of 

ER in a living mammalian cell acquired by confocal microscope and STED microscope. 

(Figure 1.4 (B, C) taken from Ref.16) 
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fluorescent23. If the inner diameter of the donut shape is smaller than the diffraction limit, 

the resolution of the reconstructed image will surpass the diffraction limit. 

 

Point Accumulation for Imaging in Nanoscale Topography (PAINT) 

 A new localization based super-resolution imaging technique called PAINT was 

developed recently which uses diffusing fluorescent molecules that transiently interact 

with the sample instead of photo-switchable dyes or photoactivatable fluorescent 

proteins24. One particular PAINT method uses a dye-labeled ssDNA oligo (imager strand) 

with a sequence complementary to a ssDNA oligo attached to the imaging target (docking 

strand)25,26,27. Since the unbound imager strands diffuse rapidly, bright puncta are 

observed only when they transiently bind to the docking strand, with the unbound fraction 

contributing uniformly to the image background. These transient binding events between 

the imager strand and the docking strand mimic the dye blinking in STORM28,29,30. 

Compared to dSTORM, PAINT has some significant advantages. First, it doesn't require 

the fluorophores to be photo-switchable, so the technique is compatible with a larger 

variety of fluorescent probes. Second, PAINT can be performed at a lower laser power 

than STORM so there is less photodamage caused to the sample. Third, there is no need 

to treat the sample with the harsh STORM buffer so there is an excellent potential for 

applying PAINT to live-cell super-resolution imaging. Finally, since there is an excess of 

imager strands, photobleaching is not an issue in PAINT. 
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Figure 1.5 Schematics of PAINT labeling and imaging method (top). Blinking 

mechanism of transient interactions between the single-stranded DNA (ssDNA) 

docking strands and the fluorescently labeled ssDNA imagers. (B) Images of 

microtubules inside fixed HeLa cells acquired by PAINT (bottom left) and 

confocal microscope (bottom right). (Figure 1.5 (A) taken from Ref.18 (B) taken 

from Ref.19) 
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1.3 LABELING METHODS 

 To visualize non-fluorescent cellular structures, developing labeling methods is 

essential. There are several labeling methods developed by researchers which will be 

discussed in detail in this session. 

 

1.3.1 Fluorescent protein method 

 The fluorescent protein labeling method is done by fusing the protein of interests 

with a fluorescent protein. The first and most extensively studied fluorescent protein is 

green fluorescent protein (GFP), which is isolated from jellyfish Aequorea victoria. 

Based on the original structure of GFP31,32, researchers have developed fluorescent 

proteins of other colors as well as the enhanced version by changing the amino acids of 

wild-type GFP33,34,35. Two well-known GFP derivatives are yellow fluorescent protein 

(YFP), a cyan fluorescent protein (CFP)36. Since fluorescent proteins are endogenous 

labels, this labeling method can be applied for live-cell imaging37. Moreover, there will 

be no off-target binding when using the fluorescent protein labeling method. However, 

fluorescent proteins are usually not very bright and have poor photo-stability. This 

labeling method can result in a low signal-to-noise ratio (SNR). Besides, an experiment-

specific fluorescent protein construct is needed each time, which requires lots of 

molecular cloning work done before imaging. Thus, the fluorescent protein labeling 

method is not a good option for doing super-resolution imaging. 
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Figure 1.6 (A) Crystal structure of an engineered green fluorescent protein (EGFP) 

and magnified view of the cyclized chromophore (top); Schematic of fluorescent 

protein construct (bottom). (B) Labeling procedures for using SNAP-tag and CLIP-

tag for optical imaging. (Figure 1.6 (A) taken from Ref.31 (B) taken from Ref.32) 
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1.3.2 Enzymatic labeling method 

 Enzymatic labeling method is another commonly used labeling method for 

imaging. It is done by fusing the protein of interests with an enzymatic tag. This 

enzymatic tag can react with an organic fluorophore and form a covalent label. Two of 

the most frequently used enzymatic tags are SNAP-tag and CLIP-tag. SNAP-tag is 

polypeptide of 182 residues, and CLIP-tag is engineered from SNAP-tag38,39,40. The 

biggest advantage of this enzymatic labeling method over the fluorescent protein labeling 

method is that it uses an organic fluorophore. Thus, the images obtained will be much 

brighter and have higher SNR. In addition, this method can also be applied to live-cell 

imaging with fluorophores that are cell permeable. The biggest drawback of enzymatic 

labeling method is that it has relatively low labeling efficiency since organic fluorophore 

is not an endogenous label. Moreover, this enzymatic labeling method also requires 

experiment-specific constructs. 

 

1.3.3 Immunostaining method  

 Unlike the labeling methods discussed previously, which can be done when 

samples are still alive, antibody immunostaining is usually applied to fixed samples41. As 

a result, it is not suitable for doing live-cell imaging. However, since the antibody labeling 

method uses bright organic fluorophores with high photo-stability, it usually yields an 

image with better qualities. Antibody labeling is also a standard labeling method used in 

super-resolution imaging. The major disadvantage of antibody labeling for super-

resolution imaging is that the size of an antibody is considerable. It is the major issue for 

achieving continuous labels due to steric hindrance. Another class of molecules that have  
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Figure 1.7 (A) Size comparisons of an antibody and an aptamer. The diameter of 

the antibody is about 10-15 nm, and that of the aptamer is about 2-3 nm. Thus, the 

aptamer is capable of access smaller regions and achieves more continuous 

labeling results. (B) Super-resolution images of transferrin receptors labeled with 

antibodies (left) and aptamers (right). (Figure 1.7 (A)(B) taken from Ref.35) 
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shown promising in cellular labeling for super-resolution imaging is aptamer42. They are 

either RNA oligos or small peptides that bind tightly to the targets they are selected 

against. Compared to antibody, aptamers are nearly an order of magnitude smaller in size. 

Figure 1.7 shows the comparisons between the aptamer and the antibody. For a typical 

antibody, it is 10-15 nm in diameter while an aptamer is usually 2-3nm in diameter. As a 

result, some of the binding sites that are initially not accessible to antibodies will be 

accessible to aptamers. That is why the super-resolution image acquired with the aptamer 

labeling method has a higher resolution than the image obtained with the antibody 

labeling method. 

 

1.4 APPLICATIONS OF OPTICAL IMAGING METHODS 

 Previously in this chapter, we discussed the theories and technical details of 

optical microscopy. In this section we will discuss its applications and some of the new 

findings in biological studies that were enabled by the use of optical microscopy. 

 

1.4.1 Cellular structure imaging 

 Direct visualization of cellular structures and their interactions are crucial in 

understanding the function of cells. Since the invention of super-resolution imaging 

techniques in the early 2000s, we have obtained new insights into biological processes at 

the cellular level43,44,45,46. Cytoskeletal structures such as actin and microtubules are two 

well-characterized cellular structures that have functions in cell movement, signaling, and 

transporting materials. They are frequently used as proof-of-principle model systems 

when developing new techniques. It has been shown that, with super-resolution imaging  
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Figure 1.8 (A) Conventional fluorescence image of spectrin in the axon (left) and 

the 200 nm periodic structures discovered by the STORM super-resolution image 

(middle). The image on the right shows the magnified ring-like structures. (B) The 

ring structures formed by Bax protein during the apoptosis process. The images 

were acquired by the STED super-resolution technique. (Figure 1.8 (A) taken from 

Ref.38 (B) taken from Ref.39) 
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techniques, researchers were able to obtain 20-30 nm resolution in fixed samples. A study 

on neurons carried out by the Zhuang lab using STORM demonstrated that actin forms 

ring-like periodic structures in axons. It was also shown that these structures are evenly 

spaced with spectrin, which is found in axons but not in dendrites45. Since these periodic 

structures are ~200 nanometers, they would not have been observable using a traditional 

optical microscope. In addition to imaging cytoskeletal structures, super-resolution 

imaging techniques have been used to study cell processes. A study performed using 

STED microscopy discovered a new finding in the process of apoptosis46. Bax and Bak 

are two proteins that play an essential role in apoptosis. In healthy cells, Bax is usually 

found in the cytosol. When apoptosis is triggered, it has been shown that Bax undergoes 

a conformational change and gets recruited by the mitochondrial outer membrane. It was 

previously thought that the association of Bax induced membrane permeabilization, but 

the details remained uncovered until this study. With STED, they discovered that Bax 

forms ring-like structures of various sizes, most of which are smaller than 400 nm. They 

also found that in Drp1 knockdown cells, the number of ring-like structures formed by 

Bax was greatly reduced. These observations provided additional insights into the process 

of cytochrome c release during apoptosis. 

 

1.4.2 Chromatin architecture & interaction imaging  

 Genome-wide association studies have shown that over 90% of human disease-

related genetic variants are in the non-coding regions of our chromosome47, 48.  

Understanding how these highly conserved non-coding regions regulate gene expression 

is critical to understanding the fundamental basis of many genetic and epigenetic 
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diseases49. Cis-regulatory elements (CREs) form a large fraction of these non-coding 

regulatory elements and are the most well characterized. Promoters and enhancers are 

two of the most common types of CREs and have been studied extensively. Promoters 

are short DNA sequences usually located upstream of the transcription start site (TSS). 

Many highly-regulated genes contain a TATA box (often located within 50 bases from 

the TSS) in their promoter that can be targeted by TATA-binding proteins (TBPs)50. TBPs 

help with the formation of the transcription preinitiation complex (PIC), which is crucial 

for positioning RNA polymerase II at the TSS and initiating gene transcription51,52. 

Enhancers (distal CREs) are non-coding DNA sequences that work with promoters to 

regulate gene expression. Unlike promoters, they can be located either upstream or 

downstream of the TSS and are typically far from the TSS (up to millions of base pairs 

away)53. Usually, the enhancer itself cannot turn a gene on and off but it can interact with 

the promoter through chromatin looping and by recruiting transcription factors (TFs) to 

regulate the transcription of the gene (Figure 1.9). Enhancers are often located in the non-

coding regions which make up 98% of the genome. Since the general code of enhancers 

is still poorly understood, computationally identifying their locations and activities from 

DNA sequence alone is challenging54. 

 Currently, the most common set of methods for studying enhancer/promoter 

interactions and nuclear structure are high-throughput crosslinking assays derived from 

the original chromosome conformation capture (3C) technique55. Although they are 

incredibly powerful techniques, these methods do have drawbacks, and the accuracy of 

identifying two interacting chromosomal regions may be sacrificed due to the high-

throughput nature of the experiment.  
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Figure 1.9 (A) Image of chromosomes stained by the FISH technique that shows 

they form distinct territories. (B) Enhancer-Promoter interaction. Before gene 

activation, the enhancer is located far from the gene. Upon activation, the 

enhancer is brought to the proximity of the promoter site by chromatin looping 

and TFs binding. (Figure 1.9 (A) taken from Ref.43) 

 



 35 

For example, majority of the interactions detected are between two adjacent DNA 

sequences56. Furthermore, since data is acquired from thousands to millions of cells, it 

represents an average of the whole population, which may mask biologically important 

interactions that only occur in a subset of the population. Fluorescence in situ 

hybridization (FISH) has also been used to investigate gene regulations by non-coding 

regions57. However, traditional FISH images are acquired on confocal or wide-field 

microscopes so their spatial resolution (~250 nm lateral and ~600 nm axial) is not 

sufficient to resolve the dynamics of many enhancer/promoter interactions. The major 

drawback of this technique is that FISH experiments are typically carried out on fixed 

cells. As a result, the spatial coordinates of interacting chromosomal regions may have 

been altered by the fixation process. In preliminary experiments, I measured nuclear 

volume and shape changes before and after fixation using several different FISH fixation 

protocols. Formaldehyde fixation caused negligible changes at the micron scale, but a 

more commonly utilized FISH fixation method that uses alcohols in addition to 

formaldehyde did result in nuclear shrinkage and distortion (Figure 1.10). These fixation 

effects may explain the recent observation that, in many cases, chromosome conformation 

capture results do not correlate well with FISH data for the same chromosomal regions58. 

Although a more recent Science paper from Sunney Xie’s group at Harvard claims that 

the radial distribution of chromosomes measured using an improved 3C-based method 

agrees well with FISH data59, the resolution of FISH data, in general, is typically not high 

enough to extract detailed positions of interacting DNA sequences at the nanometer 

scale60.  
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Figure 1.10 Nuclear deformations caused by fixation. (A) Histogram of volume 

distribution comparison of U2OS cells’ nuclei before/after formaldehyde fixation. (B) 

3D-reconstructed image of Hoechst stained U2OS cells’ nuclei before and after 

formaldehyde fixation. (C) Single confocal section of live Hoechst stained U2OS cells 

nuclei and an XZ projection before fixation (left and top) and after fixation (bottom and 

right) with Carnoy’s Fixative. 
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With the recent developments in genomic editing techniques, new ideas of visualizing 

genomic loci in vivo at a single cell level have emerged. The most promising techniques 

for labeling specific genomic loci utilize the CRISPR-Cas9 system51,62 or transcription 

activator-like effector nucleases (TALENs)63,64,65. CRISPR uses a single guide RNA 

(sgRNA) to recognize and hybridize to the target DNA sequence with a protospacer 

adjacent motif (PAM) in the genome. The sgRNA binding protein Cas9 then binds to the 

specific genomic locus and creates a double-stranded break (DSB). These DSBs are 

repaired by the cell’s DNA repair machinery using a DNA template which matches the 

region of the DSB. By introducing a specially designed donor DNA plasmid, researchers 

can achieve sequence deletion, insertion, and mutation at that exact locus66 67. The 

TALEN method is similar in that it can specifically target a DNA sequence of interest 

and induce a DSB. TALENs are created by fusing a TAL effector (TALE) to a DNA 

cleavage domain in order to generate a DSB. However, instead of being guided by sgRNA, 

the TALE itself can be designed to target a specific DNA sequence. The DNA binding 

region in TALEs is comprised of repeated domains, each containing 33-34 amino acids. 

The 12th and 13th amino acids in each subunit are variable and termed the Repeat Variable 

Diresidue (RVD). The specificity of TALE binding is a result of the identity of the amino 

acids in the RVD, as different combinations have been shown to have affinities for  

different DNA bases68. For example, guanine can be specifically recognized by an RVD 

comprised of arginine and arginine. Therefore, each repeat domain can be targeted to a 

specific nucleotide using 1 of only 4 unique RVDs. TALEs can be generated to target any 

DNA sequence by varying the number of repeat domains and the identity of the RVD in 

each. 
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Figure 1.11 Images of telomeres and centromere of cells with multicolor labeled 

(A) CRISPR/Cas9-FPs and (B) TALE-FPs (Scale bar, 5 μm).  
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Labeling Cas9 and TALEs with a fluorescent protein for visualizing chromatin loci was 

first demonstrated in 2013. Researchers created labeled TALEs that bind to telomeres or 

satellite DNA where the DNA sequences are highly repetitive63. Soon afterward, two 

groups also successfully imaged centromeres and telomeres in chromatin using a similar 

technique54,65 (Figure 3B). Concurrently, a similar imaging method utilizing labeled Cas-

9 instead of TALEs was used to visualize genome loci as well61. In this work, they 

fluorescently labeled nuclease-deactivated Cas9 (dCas9), and cotransfected cells with this 

fluorescent dCas9 and sgRNA for loci visualization in vivo. In addition to targeting 

repetitive DNA sequences, Cas9 could also be used target an arbitrary chromatin locus 

by designing unique sgRNAs that bind to DNA sequences surrounding the locus, in order 

to increase the fluorescent signal61. A later study demonstrated multicolor labeling of 

chromosomal loci using dCas9 from 3 different bacteria species62 (Figure 1.11). Although 

researchers have successfully shown that fluorescently labeled Cas9 and TALEs can be 

used for visualizing specific chromatin loci in mammalian cells, all of these loci do not 

have any functional importance in transcriptional regulation. In the previously mentioned 

study that used multiple sgRNA constructs to visualize a specific locus, it was found that 

at least 26 sgRNAs are needed for chromatin locus visualization but 73 was ideal61. 

However, it is a monumental task to design, produce, and deliver 26 sgRNAs into the 

cells to visualize a single genomic locus. It would be unrealistic to observe multiple 

endogenous sites in this way. 
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1.5 THESIS STRUCTURE AND SUMMARY OF RESEARCH 

 The last part of this chapter outlines the structure and content of the following 

chapters and briefly summarizes my Ph.D. research. 

 In Chapter 2, we will show a labeling method developed in our lab that uses 

aptamers to label cellular structures in order to perform dSTORM super-resolution 

imaging. In Chapter 3, we will discuss the collaborative work performed with the 

laboratories of John Lis from the MBG department, Hening Lin from the Chemistry 

department, and Charles Danko from the Baker Institute at Cornell University. In this 

work, we investigated chromosomal interactions using a new crosslinking reagent we 

synthesized and a novel 2-photon crosslinking method. In Chapter 4, we will describe a 

study of intracellular NADH concentration changes in cancer cells when they migrate 

through a small constraint using fluorescence anisotropy. In the last chapter, Chapter 5, 

we will briefly talk about the other projects I did during my Ph.D. study and the future 

direction of optical microscopy. 
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CHAPTER 2 

FLUOROPHORE-LABELLED RNA APTAMERS TO COMMON PROTEIN 

TAGS AS SUPER-RESOLUTION IMAGING REAGENTS1 

2.1 ABSTRACT 

 Developing labelling methods that densely and specifically label targeted cellular 

structures is critically important for centroid localization-based super-resolution 

microscopy. Being easy and inexpensive to produce in the laboratory and of relatively 

small size, RNA aptamers have potential as a substitute for conventional antibody 

labelling. By using aptamers selected against common protein tags - GFP (green 

fluorescent protein) in this case - we demonstrate labelling methods using dSTORM-

compatible fluorophores for STORM and hybridizable imager strands for DNA-PAINT 

super-resolution optical imaging of any cellular proteins fused to the aptamer binding 

target.  We show that we can label both extracellular and intracellular proteins for super-

resolution imaging, and that the method in particular, offers some interesting advantages 

for live cell super-resolution imaging of plasma membrane proteins.  

 

2.2 INTRODUCTION 

 Optical microscopy is a mainstay of nearly all biological and biomedical studies. 

However, for many applications a major limitation can be the optical resolution since 

many cellular structures are below the diffraction limit of ~250 nm making them un-

resolvable using conventional microscopy. The past decade has seen the development of 

 

1 Manuscript submitted to Nucleic Acid Research.   
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a number super-resolution (SR) imaging techniques that circumvent the diffraction limit.  

The three main super-resolution techniques consist of centroid localization-based modes 

such as photoactivated localization microscopy (PALM)1 and stochastic optical 

reconstruction microscopy (STORM)2, Stimulated Emission Depletion (STED) 

microscopy3 and super-resolution Structured Illumination Microscopy (SR-SIM)4.  

Centroid based SR imaging works in densely labelled samples by either activating only a 

small subset of the fluorophores (PALM) or turning most of them “off” by conversion to 

a dark state (STORM).  STED uses an engineered depletion beam point-spread function 

that deactivates fluorophores outside of the center of the excitation laser focus. The 

resolution achievable with STED image is dictated by the shape and scale of the STED 

beam focus. SIM achieves super-resolution by collecting spatial frequencies beyond the 

range the conventional range of the objective lens by illuminating the object with 

patterned light.  Unlike PALM/STORM and STED, the resolution improvement in SR-

SIM is a factor of two, while PALM/STORM or STED can achieve a ~10-fold increase 

in resolution.    

 Here we focus primarily on the development a system of unique probes for 

applications of STORM, but our method is a useful labelling technique for all modes of 

fluorescence microscopy.  There are currently a number of labelling techniques used in 

super-resolution imaging. Two common methods involve tagging the protein of interest 

(POI) with photoactivatable fluorescent proteins5, or enzymatic tags that react with cell-

permeable organic dyes6, 7 .  These methods require the creation of a fusion protein and 

then either transient transfection of the cells used in the study, or the creation of a stable 

cell line expressing the labelled POI. For studies of cell dynamics, the advantage of 
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genetically encodable photoactivatable fluorescent proteins is that they can be imaged in 

living cells. However, many of the available fluorescent proteins have relatively poor 

photo-stability and low molecular brightness compared to organic dyes.  Although 

organic dyes for conventional live cell imaging in the form of indicators and organelle 

specific dyes are commonly used, direct targeting of specific proteins by organic dyes, as 

needed for most super-resolution imaging experiments, is more difficult. Cells expressing 

modified target proteins with enzymatic tags such as SNAP and CLIP, which bind and 

activate a modified cell-permeable organic fluorophore, can be used.  This helps 

overcome photostability and molecular brightness issues common with many 

photoactivatable fluorescent proteins, but the intracellular labelling efficiency and 

uniformity can be low with this method.  For permeabilized and fixed cells, fluorescent 

antibodies labelled with organic dyes have long been used for all modes of fluorescence 

microscopy and are the main labelling method for STORM and STED imaging.    

 Another class of molecules that have recently shown promise are aptamers. They 

are either small nucleic acid oligos or short peptides8, 9 selected based on tight binding to 

specific molecular targets. Nucleic acid-based aptamers are generated through a process 

called Systematic Evolution of Ligands by Exponential Enrichment (SELEX)10, 11 where 

a pool of random nucleic acid sequences undergoes a number of rounds of selection, and 

sequences with high affinity and specificity are selected.  RNA aptamers can have high 

binding affinities, are small (2-3 nm vs 10-15 nm for antibodies) and are easy and 

inexpensive to produce in the laboratory, making them a useful substitute for 

conventional antibody labelling12.  A caveat of using aptamers for labelling proteins of 

interest is that it is tedious to select and verify the binding of an aptamer to each targeted 
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protein. Therefore, a more generic super-resolution labelling method that uses aptamers 

against common tag proteins would be beneficial since it avoids the need to carry out 

SELEX for each new POI. This strategy would enable studies of stable cell lines with 

tagged POIs or use in experiments involving transient transfections of a protein.  Because 

there are a multitude of cell lines with GFP tagged proteins of interest available, we have 

initially focused our efforts using a GFP-binding aptamer (AP3)13 as our proof-of-

concept aptamer-POI label. AP3 tightly binds GFP and EGFP (Kd ~ 4 nM) and reduces 

its fluorescence under 488 nm excitation at physiological pH by increasing the pKa of 

EGFP from 5.8 to 6.7.  AP3 also binds to GFP derivatives YFP and CFP with a slightly 

lower affinity (~10 nM Kd).   The change in GFP pKa indicates that AP3 may interact 

with the protein in a way that modifies the barrel structure in some way allowing easier 

access of protons to the chromophore protonation sites.   

 In this paper, we introduce a method of targeting GFP-labelled proteins for direct 

stochastic optical reconstruction microscopy or dSTORM-based super-resolution 

imaging14, 15 using Alexa-647 labelled AP3. Because aptamers are not cell permeable, 

previous super-resolution imaging done with labelled aptamers were restricted to 

membrane proteins13. We have optimized our labelling protocol to extend the method for 

super-resolution imaging of intracellular proteins and demonstrate this on cells stably 

expressing EGFP-tagged Lamin A.  We also show that we can apply our labelling method 

for live-cell super-resolution imaging and for PAINT (Points Accumulation for Imaging 

in Nanoscale Topography) based super-resolution imaging, a method that relies on the 

transient binding of fluorophores to the target from a diffusing pool of labelled DNA 

imager strands16. The use of aptamers for PAINT SR application greatly simplifies the 
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method. Overall, we show that protein tag-targeted RNA aptamers are a powerful 

substitute for antibody labelling for a number of modern fluorescence imaging modalities.  

  

2.3 MATERIAL AND METHODS 

Sequence of AP3, AP3-docking and Alexa 647 labelled imager strand 

GFP Aptamer sequence: 

AGCTTCTGGACTGCGATGGGAGCACGAAACGTCGTGGCGCAATTGGGTGGG

GAAAGTCCTTAAAAGAGGGCCACCACAGAAGCT 

AP3 T7-Forward primer: GAA TTA ATA CGA CTC ACT ATA GGG AGCT TCT  

GGA CTG CGA TGG GAG CA 

AP3 Reverse primer: GCT TCT GTG GTG GCC CTC TTT TAA GGA CT 

AP3 Reverse primer with 9nt docking strand:  

TAGATGTATATAAAGCTTCTGTGGTGGCCCTCTTTTAAGGACT 

Imager strand: CTAGATGTAT-Alexa 647 

 

In vitro transcription of GFP aptamers. GFP aptamer DNA templates were generated 

by PCR and purified by 8% native PAGE gel extraction. In vitro transcription reaction 

with T7 RNA polymerase was incubated at 37ºC overnight, followed by phenol-

chloroform extraction and isopropanol precipitation. The precipitated GFP aptamers were 

re-suspended in DEPC-ddH2O and un-reacted free nucleotides were removed up with two 

Micro Bio-spin P-30 columns (RNase-free). 
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AP3-Alexa 647 3’ end labelling chemistry GFP aptamers from in-vitro transcription 

prep were oxidized with 0.5 mM NaIO4 in 100 mM NaOAc (pH 5.1) at room temperature 

for at least 90 minutes. They were then precipitated with ice-cold ethanol and re-

suspended in 100 mM NaOAc buffer. The oxidized GFP aptamers were incubator with 

Alexa 647 hydrazide (Thermo-Fisher Scientific Cat #: A-20502) at 1:10 ratio in the fridge 

(4ºC) overnight. The labelling reaction was purified the next day with two Micro Bio-

spin P-30 columns (RNase-free) to remove excessive unreacted dyes. 

 

Comparison of labelled vs unlabelled GFP aptamer binding in solution. GFP 

aptamers were incubated with 50 nM GFP at various concentrations in GFP aptamer 

binding buffer (1X PBS, 5 mM MgCl2, pH 7.2) for 5 min at room temperature and 

emission spectra were measured in a quartz cuvette on fluorometer (PTI model QM4).  

The emission spectra (490 nm- 600 nm) of AP3 bound GFP at various concentrations 

were acquired with 480 nm excitation. The same measurements were repeated with 100 

nM Alexa 647 labelled GFP aptamers. 

  

Preparation of fluorescent protein (FP) immobilized Ni-NTA beads. Ni-NTA beads 

were washed 3X with washing buffer (20 mM TrisCl, 125 mM NaCl and 25 mM KCl, 

pH 7.5) and re-suspended at 20% v/v in the washing buffer.  His-GFP/ His-mNG/ His-

mCherry were then added (1 ug of His-GFP to 1ul of beads) to the bead solution and 

incubated at 4º C on a rotator for an hour. After the binding of His-FP to the beads, 

unbound His-FPs were removed by spinning down and re-suspending in new wash buffer 

3 times. The FP bound Ni-NTA can be kept in washing buffer at 4º C for several days. 
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Fibronectin Treatment of MatTek Dishes.  MatTek dishes were treated with 1 M 

NaOH for 30 min, then washed 3X with autoclaved water and incubated in 4% MPTS in 

EtOH for 30 min. Next, they were washed 3X with EtOH and coated with 4mM GMBS 

in EtOH for 30 min. Afterwards they were washed gain twice with EtOH and then twice 

with PBS.  Finally, the dishes were coated with 10ug/ml fibronectin solution at 4C 

overnight.  

 

Cell culture and fixation for STORM imaging TfR-EGFP cells.   HEK 293 cells stably 

expressing TfR-GFP were plated on fibronectin coated MatTek dishes and incubated with 

1µM Alexa 647 labelled AP3 in blocking buffer (2 mM salmon sperm DNA, 2 mM yeast 

tRNA) at room temperature for at least 20 min. The cells were washed 3X with 1X GFP 

aptamer binding buffer and fixed with 4%PFA for 10 min. Lamin A-EGFP cells: Human 

fibroblast cells stably expressing Lamin A-EGFP were plated on fibronectin coated 

MatTek dishes. The next day, cells were permeabilized with 0.2% Triton X-100 in 1X 

“buffer S” (4% PEG 8000, 1 mM EGTA, 0.1M PIPES in DEPC ddH2O) for 4 min.  Cells 

were then incubated with 1 μM Alexa 647 labelled GFP aptamer in 1X aptamer binding 

buffer at room temperature for 20 min, washed 3X with 1X aptamer binding buffer and 

fixed with 4% PFA for 10 min at room temperature. 

 

Aptamer PAINT for Lamin A-EGFP cells.  Human Fibroblast cells stably expressing 

Lamin A-EGFP were plated on fibronectin coated MatTek dish a day before staining. The 

cells were ~90% confluent before aptamer staining, washed twice with 1x PBS and 
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permeabilized with 0.2% Triton X-100 in buffer S for 4 min. Next, the cells were 

incubated with aptamer staining solution (1.5 μM AP3-P1-docking, 2 mM ytRNA, 2 mM 

salmon sperm DNA) for 20 min and fixed with 4% PFA at room temperature for 20 min 

before imaging. TfR-EGFP cells: HEK 293 TfR-EGFP cells were plated on the 

fibronectin coated MatTek dishes a day before imaging. The cells were ~90% confluent 

when stained with AP3-P1-docking. The dish was washed twice with 1x PBS and then 

incubated with aptamer staining solution for at least 1h. The staining solution contains 

1.5 μM of AP3-P1-docking, 2 mM ytRNA, 2 mM salmon sperm DNA. PAINT Imaging: 

Imager strands were added to the solution at a final concentration of 7 nM and imaged on 

a Zeiss Elyra. PS.1 microscope.  

 

Anti-GFP antibody-Alexa 647 Staining of HEK293-EGFP cells.  HEK293 EGFP cells 

were plated on non-coated MatTek dish before a day fixation and were fixed with 4% 

PFA for at least 10 min. The dish was washed 2X with PBS for a 5 min incubation period 

each time. After the PBS wash the sample was blocked by incubation with 5% BSA for 

30 min, and then the cells were stained with 10 μg/ml Alexa 647 labelled Anti-GFP 

antibody for 1 hour. The dish was washed 2x with 1% Tween 20 in PBS for 5 min each 

time and stored in PBS for imaging.  

 

Phalloidin-Alexa 647 Staining of HEK293-EGFP cells.  HEK293 EGFP cells were 

plated on non-coated MatTek dish before a day fixation and were fixed with 4% PFA for 

at least 10 min. The dish was washed 2X with PBS for a 5 min incubation period each 

time. 0.5% Triton-X100 solution was added to the dish to permeabilize the cells for 10 
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min. After the PBS wash the sample was blocked by incubation with 5% BSA for 30 min, 

followed the cells were stained with Phalloidin-Alexa 647 (200:1 dilution) for 1 hour. 

Then the dish was washed 2x with 1% tween 20 in PBS for 5 min each time and stored 

in PBS for imaging.  

 

Microscope Setup and Imaging Analysis 

Confocal images of AP3-Alexa 647 binding to FP immobilized beads.  Dual-color 

confocal images were taken on Zeiss LSM880 confocal system with 40x oil immersion, 

1.4 NA objective. EGFP and mNG immobilized beads bound by AP3-Alexa 647 were 

excited with 488 nm and 632 nm laser, respectively. mCherry immobilized beads bound 

by AP3-Alexa 647 were imaged with 561 nm and 632 nm laser.  

STORM and PAINT images of HEK 293 TfR-EGFP cells and Human Fibroblast 

Lamin A-EGFP cells.  STORM and DNA-PAINT images were acquired on Zeiss Elyra 

PS.1 super-resolution system with 100x oil immersion, 1.46NA objective. STORM 

images of HEK293 TfR-EGFP cells and Human Fibroblast Lamin A-EGFP cells were 

acquires at a frame rate of 50 Hz for 50,000 frames. PAINT images of fixed Human 

Fibroblast Lamin A-EGFP cells were acquired at a frame rate of 20 Hz and, for live 

HEK293 TfR-EGFP cells, the frame rate was 100 Hz. The PAINT and STORM images 

were analyzed and reconstructed with Zeiss Elyra PS.1 Zen analysis software.   

 



 57 

2.4 RESULTS 

2.4.1 In vitro binding test of AP3-Alexa 647 - binding affinity and specificity. 

 For dSTORM super-resolution imaging14 we covalently labeled AP3 with Alexa 

647 dye at its 3’end.  To test whether the Alexa 647 label altered the binding affinity of 

AP3, we measured the disassociation constant Kd of both the unlabeled and labeled 

aptamers in solution and found that the added fluorophore did not change the binding 

affinity. The Kd’s of the labeled and unlabeled aptamers were in the 4 nM range (Fig. 1A, 

Supplementary Fig. S1A), with the Kd of unlabeled AP3 agreeing with our previously 

published result13.  We also tested the binding of Alexa 647 labeled AP3 on EGFP 

immobilized on Ni-NTA beads (Fig. 1B). Beads that were incubated with AP3-Alexa 647 

showed strong fluorescence in red channel due to the high affinity binding of AP3-Alexa 

647 to the EGFP coated beads, and no detectable signal using the same imaging 

conditions for the three control conditions. To determine the binding specificity of the 

AP3 to fluorescent proteins from other species we made Ni-NTA beads with 

mNeonGreen and mCherry bound to them.  Our results show that AP3 barely binds to 

mNeonGreen and mCherry (Supplementary Fig. S1B) indicating that AP3 is highly 

specific only to EGFP and its derivatives.  We also found that in general, AP3 does not 

bind PFA fixed GFP or EGFP to any useable extent (Supplementary Fig. S2), presumably 

due to the cross-links formed between GFP and neighboring proteins that block the AP3 

binding interaction.  Similar to antibodies, where some work well with fixed sections and 

some do not, aptamer selections could be made against fixed targets and tight binding 

aptamers isolated. 
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Figure 1. in vitro binding characterization of AP3-Alexa 647. (a) The binding 

affinity of free AP3 and AP3-Alexa 647 to EGFP in solution was measured based on 

the decrease in EGFP signal caused by aptamer binding. Data was plotted a 1-F to 

represent the fraction bound and the curves to the quadratic binding equation. The 

Kd for free AP3 and Alexa 647 labeled AP3 were both determined to be < 5 nM, 

indicating that the Alexa 647 label does not change the binding affinity of AP3.  (b)  

AP3-Alexa 647 binding to immobilized EGFP on Ni-NTA beads. The right three 

panels are negative controls. 
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2.4.2 Conventional and super-resolution imaging of AP3-Alexa 647 binding to GFP 

tagged cellular structures.  

 We verified that AP3-Alexa 647 binds extracellular proteins on the surface of 

cells using HEK 293 cells that stably express transferrin receptor-EGFP (TfR-EGFP), 

which is transported to the plasma membrane (Fig 2a) where it is involved in the process 

of receptor-mediated endocytosis of transferrin. TfR forms clusters on the membrane that 

are then internalized in the endocytosis process. After incubation with our fluorescent 

aptamer probe, we imaged AP3-Alexa 647 stained cells using conventional microscopy. 

Total internal refection microscopy (TIRFM) images (Fig 2b-d) show colocalized signals 

from a subset of the TfR-EGFP (Fig 2b). TIRF illumination only penetrates a few hundred 

nanometers into the cell near the coverslip surface and the high concentration of TfR-

EGFP near the inner leaflet of the membrane generates a higher background in the green 

channel since the internalized TfR-EGFPs are not accessible to the AP3-Alexa 647. 

 TfR is known to form sub-diffraction ring structures as it clusters around an 

endocytic pore on the plasma membrane, making it an ideal system for testing our 

aptamer labeling method for super-resolution imaging.  HEK 293 cells expressing TfR-

EGFP were paraformaldehyde fixed and imaged using the standard dSTORM protocol.  

dSTORM images were acquired using a Zeiss Elyra PS.1 microscope at a frame rate of 

50Hz for 50000 frames and reconstructed using the Zeiss software. Lateral drifts were 

corrected using 100nm TetraSpeck beads as the fiducial markers. Figure 3a shows the 

TIRF (EGFP channel) and a dSTORM reconstruction of the same cell. Figure 3b shows 

the boxed region in 3a demonstrating the improved resolution attained using the AP3-

Alexa 647 and dSTORM. Compared to TIRF, the dSTORM image has much higher  
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Figure 2. TIRFM images of AP3-Alexa 647 labelled TfR-EGFP expressing cells.  

(a) AP3-Alexa 647 is cell impermeable and only labels TfR-EGFP on the outer 

membrane.  (b) Merged image (green: EGFP, magenta: Alexa 647).  (c)  EGFP 

channel - higher background in the green channel is due to internalized TfR-EGFP 

near the inner leaflet. (d) Extracellularly exposed TfR-EGFP labelled with AP3-

Alexa 647.  
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resolution and shows distinct shapes of the transferrin receptor clusters. Analysis shows 

that we are able to distinguish two transferrin receptors (indicated by the yellow arrow) 

that were ~70nm apart on the dSTORM reconstruction (Fig. 3c).  We measured the size 

distribution of TfR clusters using reconstructed dSTORM images TfR-EGFP cells (Fig, 

3d and Supplementary Fig. S3) and found an average cluster size (~80 nm) that 

corresponds with other super-resolution microscopy results reported15. 

 As shown in the Figure 3, and similar to antibody labelling, the AP-Alexa 647 

aptamer is not cell permeable. It is, however, significantly smaller than a conventional 

antibody and is therefore should more readily diffuse into cells after a mild detergent 

permeabilization step or other methods such as electroporation.  To demonstrate labelling 

of intracellular proteins for super-resolution imaging we used a human fibroblast cell line 

(NIH 3T3) that express EGFP-lamin A, a structural protein located on the inner nuclear 

envelope (Fig. 4a).  We developed a labeling protocol that uses a high-PEG buffer 

(“Buffer-S”) to stabilize nuclear structures while permeabilizing cells with a low 

concentration of Triton X-100.  The permeabilized cells were incubated with AP3-Alexa 

647 and the washed before PFA fixation. TIRFM and dSTORM imaging showed that 

AP3-Alexa 647 cleanly labelled the nuclear lamin A and the STORM reconstructions 

showed greatly improved resolution compared to the conventional TIRF image (Fig. 4b 

and c).  We saw meshwork structures of lamin A (Fig. 3c) similar to what was previously 

reported in a super-resolution imaging study of nuclear lamin structures using structured 

illumination microscopy (SIM)17, but at higher resolution (~30 nm) then the 2-fold 

improvement obtained using SIM.  This also enabled us to see that about many cells had  
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Figure 3. dSTORM images of AP3-Alexa 647 labeled TfR-EGFP cells. (a) 

Comparison of a diffraction limited TIRFM image of TfR-EGFP (left) and 

dSTORM reconstruction (right). (b) Zoomed image of the boxed region in (a).  (c) 

Resolution analysis of the two TfR clusters pointed by the yellow arrow in (c) 

showing we can distinguish between two sub-resolution TfR clusters that were only 

70nm apart. (d) The cluster size distribution of the corresponding reconstructed 

dSTORM image. 
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ring-like puncta structures on the nuclear membrane (Fig 4c) which were relatively 

uniform in size and about 1 μm across with center openings of 200-500 nm.  In another 

set of experiments, we co-stained the EGFP-lamin A cells with a red ER-tracker dye and 

imaged using confocal microscopy (Fig. 4d) and found numerous tubular structures that 

penetrated into and through the nucleus forming a structure known as the nucleoplasmic 

reticulum18, 19.  There were several large protrusions clearly visible by confocal imaging, 

but also larger number of smaller features which appeared as lamin “dots” in the confocal 

microscope (Fig. 4b, left), but have a clear ring structure in AP3-Alexa 647 dSTORM.  

We take these to be smaller diameter fingers of the nucleoplasmic reticulum. The ER 

protrusion into the nucleus are thought to be involved in signal transduction in the nucleus. 

It has been shown that the nuclear ER protrusions contain functional IP3-mediated 

calcium signaling machinery18 and are likely involved in the regulation of 3D chromatin 

structure and transcription. Interestingly, staining the cells with antibodies to the nuclear 

pore complex, we discovered that nuclear pore protein complexes also appeared in and 

around these tubular structures; however, over the surface of the nuclei lamina, there was 

no overall colocalization of nuclear pore protein complexes and the lamin A meshwork 

(Supplementary Fig. S4).  

 

2.4.3 Super-resolution imaging with Aptamer-PAINT. 

 Although dSTORM imaging provides the ability to resolve structures with lateral 

resolutions as high as 10-20 nm, the technique is primarily restricted to imaging fixed 

samples. Although there some reports of imaging live cells with STORM15, the imaging 

buffer required is not live cell compatible. An oxygen scavenger system is required; the  
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Figure 4. dSTORM images of AP3-Alexa 647 labeled Lamin A-EGFP cells (a) 

Schematic of AP3-Alexa 647 labeled lamin A-EGFP cells. (b)  dSTORM images of 

AP3-Alexa 647 labeled lamin A-EGFP cells and (c) zoomed image of the boxed 

region in (b).  Cells were lightly permeabilized in an imaging buffer (“Buffer-S”) 

designed in maintain nuclear and organelle integrity and structure to allow for 

intracellular labelling.   (d)  3D view of ER and lamin stained nucleus showing the 

extent and complexity of the nucleoplasmic reticulum.  Using AP3-Alexa 647 

dSTORM, we found that in addition to the larger ER filled channels that protrude 

through the nucleus and are clearly visible in confocal microscope, there are 

numerous small protrusions where we visualize a ring/tunnel structure composed of 

lamin A. We take these to be small diameter protrusions on the ER into the nucleus 

that show up as small “dots” in the confocal image but are sub-resolution ER tunnels 

in the nuclear lamina that are visible when imaged using dSTORM.  
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buffers typically have high concentrations of reducing agents, and high laser powers are 

used.  More recently, a new localization based super-resolution technique called PAINT 

(Points Accumulation for Imaging in Nanoscale Topography) was demonstrated20, 21. 

Instead of using photo-switchable dyes, PAINT achieves molecular localization by 

having a pool of diffusing fluorescent molecules transiently bind to the target long enough 

so that on average the location is brighter than the background and localizable.  The most 

common PAINT method uses dye labeled ssDNA oligos (imager strands) with the 

sequences complimentary to the immobilized docking strand on the structures targeted.  

Compared to dSTORM, PAINT has several advantages. It does not require the 

fluorophores to be photo-switchable, so there is a wider choice of fluorescent probes that 

can be used.   Lower laser powers are also used in PAINT and no harsh buffers are 

required, and since the imager strands are replenished by diffusion, there is effectively no 

photobleaching.  For these reasons, DNA-PAINT has potential as a live-cell super-

resolution imaging technique. 

 A drawback of the conventional DNA-PAINT method is that is carried out using 

antibodies20, and multiple staining steps are needed for attaching the docking strand.  Here 

we show that our aptamer-PAINT procedure is easier to implement since our modified 

AP3 aptamer has the docking strand on one end making labeling a one-step process. To 

demonstrate aptamer-PAINT super resolution microscopy, we applied it in both fixed and 

live cell experiments. We first designed a new version of AP3 with a 9nt linker on its 

3’end that is complimentary to the sequence of an Alexa647 labeled ssDNA imager strand. 

The imager interacts with AP3 through DNA-RNA hybridization (Fig. 5a).  We tested 

the binding of the AP3-docking sequence by conjugating it with Alexa 647 and used it to 
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label TfR-EGFP expressing cells to ensure that the added linker on the 3’ end does not 

disrupt normal AP3 – EGFP binding.  We then applied the aptamer PAINT method on 

fixed and permeabilized lamin A EGFP cells, and collected 50,000 images at a 50Hz. 

Supplementary movie 1 shows the fluorescence blinking from transient interactions 

between AP3-docking strands and the diffusing imager strands. The reconstructed 

aptamer-PAINT images showed similar resolution improvement to what we achieved 

using dSTORM and AP3-Alexa 647 (Fig 5b and c) revealing the same meshwork 

structures and ~micron diameter puncta on the nuclear envelope.  
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Figure 5. Aptamer PAINT images of AP3-Alexa 647 labeled LaminA-EGFP 

cells. (a) Schematic of AP3-docking for PAINT super-resolution imaging. (b) 

TIRFM (top right) and PAINT reconstruction (bottom right) of lamin A-EGFP on 

the nuclear envelope, scale bar: 2um. (C). Zoomed-in boxed region of PAINT 

reconstruction (right) that shows the sub-diffraction limit lamin A structures, which 

is not shown on the corresponding TIRF image (left), scale bar: 500nm. 



 69 

2.4.4 Live-cell super-resolution imaging with Aptamer PAINT. 

 Compared to dSTORM where full power of the 642 nm laser in TIRF mode (0.5 

mW measured in epi-mode) was required to drive fluorophore blinking, much lower 

intensity was used (2%-5%) for acquiring the aptamer-PAINT images.  In addition to 

being more live cell compatible, lower laser intensities also resulted in less background 

autofluorescence (presumably from high laser intensity on the glass coverslip) and 

therefore improved signal-to-background ratio (SBR).  Acquisition of low SBR images 

is critical for localization based super-resolution methods.  Unlike the buffers used in 

dSTORM, the aptamer-PAINT buffer system is live cell compatible.   Taken together, 

these differences make aptamer-PAINT is an excellent candidate for live-cell super-

resolution imaging applications where the high temporal resolution is not a requirement. 

As a demonstration of live cell super-resolution imaging with aptamer-PAINT, we used 

HEK 293 EGFP-TfR cells in an experiment designed to image the dynamics of TfR 

trafficking and recycling in the plasma membrane.  HEK293 TfR-EGFP cells were plated 

on fibronectin coated MatTek dishes and images were acquired at 20 Hz. To examine 

TfR cluster dynamics, we created a movie comprised of reconstructed images from 

sequential 4000 frame segments of the aptamer-PAINT time series.  Each composite 

image represents a “time-lapse” image of the TfR clusters over a 3.33 min period.  In 

contrast to SR images acquired from fixed cells, when imaging live cells we noticed that 

TfR on the outer membrane appeared as linear structures (Fig. 6a), which we interpret to 

be time-lapse traces of the receptor clusters being transported to endocytic sites.  (This 

was not seen in Figure 6b shows four frames from the first 13 minutes of the acquisition 

in which a cluster of ~75 TfR’s is seen moving towards a larger endocytic site.  To verify  



 70 
 

Figure 6. Aptamer PAINT images of AP3-Alexa 647 labeled live TfR-EGFP 

cells. (a) TIRF (left) and aptamer-PAINT reconstruction (right) of live HEK 293 

TfR-EGFP cells.  (b) Five consecutive PAINT reconstructions of the boxed region 

in (a) which show the dynamics of cluster trafficking on the cell membrane, as TfR’s 

are collect up and directed to endocytic sites (yellow and blue arrows). (c). HEK 293 

TfR-EGFP cells stained with Phalloidin Alexa 647, which shows locations of actin 

filaments. They are spatially colocalized with tubular structures formed by TfR-

EGFP. (d) A diagram showing that actin filaments act as a mediator for the 

transportation of TfR to the endocytic sites for recycling. 
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that the cells were undergoing active receptor recycling and to show that the signal 

observed was solely from aptamer-PAINT labelled TfR-EGFP on the outer membrane, 

we removed the imager strands after incubating the AP3-docking strand-stained cells with 

them for 2-3 hours.  We then added back Alexa 647 imager strands but saw no blinking, 

indicating the AP3-docking strand/TfR-EGFP complexes were now internalized and 

inaccessible to the imager strands. Since PAINT is a slow imaging technique, it is only 

applicable for capturing slower processes, such as our example experiment, but it does 

provide the unique ability to quantify the number of proteins involved in a process such 

as receptor clustering and translocation to an endocytic site.  

 Actin filaments and motor proteins are known to be involved with receptor 

recycling (Figure 6d)22.  To investigate their proximity and relationship to the linear 

arrays of TfR detected in the outer membrane we stained the actin in our TfR-EGFP cells 

with phalloidin-Alexa 647. Confocal images of TfR and actin are shown in Figure 6c.  

We found that the linear TfR structures are spatially colocalized with actin filaments 

inside the cell, and assume the cytoplasmic tails of TfR is linked to motor proteins that 

are traveling along the actin filaments and being delivered to the endocytic sites for 

recycling.  

 

2.4.5 Other unique advantages of RNA aptamer labeling.   

 Nucleic acid aptamers have unique properties that can be exploited to extend their 

usefulness as fluorescent imaging labels.  For example, aptamers can be easily removed 

by RNase treatment and reapplied with a different color fluorophore or at a different time.  

We note that in the case of our Sequential multiplexed imaging23, uses this strategy to  
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Figure 7.  Additional unique advantages of aptamer labeling. (a) Two-rounds of 

sequential binding of Alexa 647 labeled AP3 on GFP beads using RNase treatment 

demonstrating aptamers as multiplexing reagents. (b) Left: structure of modified 

AP3 with 60nt linker at its 3’end that is hybridized to bind three labeled ssDNA 

oligos.  Right: brightness comparison of beads with directly labeled AP3 and the 3X 

modified version (equal concentrations of AP3 were used).  
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identify multiple different targets. Figure 7a shows two rounds of sequential binding of 

AP3-Alexa 647 to GFP beads. Simple modifications of the AP3 aptamer are easy to carry 

out and one can increase the per-probe brightness by adding an n-fold hybridization 

sequence that binds complementary labeled DNA’s.  We added a 60nt linker at the 3’ end 

of AP3 that hybridizes with 3 labeled ssDNA oligos (Fig.7b). A comparison of the 

average brightness of beads labelled with equal concentrations of AP3-Alexa 647 and a 

hybridizable form of the aptamer that binds three dyes per aptamer, showed larger than 

expected signal increase (4-fold). We speculate the increase above the expected 3-fold 

enhancement is due to concentration errors, or to the absence of Alexa 647 quenching in 

the single fluorophore case, since the three fluorophores are structurally further away 

from the target site around which the AP3-Alexa 647 is tightly wrapped.  

 

2.5 DISCUSSION 

 We have developed a novel super-resolution method based on using dye labeled 

RNA aptamers against a common tag protein (GFP) for imaging cellular structures on the 

plasma membrane as well as intracellular targets in permeabilized cells.  The large 

number of GFP-tagged proteins available made the GFP/EGFP tag a logical choice for 

our proof-of-principle experiments.  In some respects, aptamer-labelling is similar to 

antibody labelling, but aptamers are easily produced in the laboratory and physically 

smaller than conventional antibodies (an important attribute for localization-based SR 

microscopy).  They are similar in size to nanobodies, but less expensive. Our method 

facilitates the use of dSTORM-compatible dyes for STORM imaging, or by the addition 

of a hybridization tail to the aptamer, DNA-PAINT microscopy.  The aptamer–PAINT 
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method is a simpler PAINT labeling technique since it avoids the multiple steps required 

in the original antibody-nucleotide version.   As an alternative super-resolution technique, 

PAINT is more compatible with live cell imaging than dSTORM, and although slow (as 

is any localization-based SR method), we demonstrated use of the method to image 

receptor recycling at the single receptor level.   

 Tag-targeted RNA aptamers possess other unique advantages, such the ability to 

multiplex fluorophores to increase the brightness.  Antibodies can have multiple 

fluorophores as well, but due to the non-specific labeling often used with antibodies, it is 

not a constant number per antibody.  With aptamers the possibility exists to create integer 

brightness probes, or more useful, to easily create special bar codes by hybridizing 

different color fluorophores to the same aptamer.  Finally, we showed that RNA aptamers 

could be removed from the target protein by a simple RNase treatment, which may have 

uses in multicolor imaging experiments or in live cell pulse-chase applications.  A final 

use not documented here, but feasible, is the use of fluorophore-aptamer labeling to 

identify cells of the interest in laser microdissection processing of tissue samples for mass 

spectroscopy analysis. This is often done with antibodies, but the presence of the antibody 

adds complexity to the MS analysis, which is avoided by nucleic acid aptamer tags.  
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CHAPTER 3 

RECOVERY FROM NUCLEAR DEFORMATION DURING CANCER CELL 

EXTRAVASATION  

4.1 ABSTRACT  

 Cells can migrate through constrictions that are much smaller than the cross-

section of itself. When a cell migrates through confined space, its nucleus becomes 

deformed, and the stiffness of its nucleus determines the deformability of the cell.  The 

3D structure of the nucleus is not random - spatial relationships are related to regulation 

of transcription, trafficking of transcripts out of the nucleus and transduction of external 

signals into the nucleus. Cells squeezing through vessel walls need to maintain this 

structural order.  In this project, we investigated extravasation using a microfluidic model.  

We asked whether the nucleus of a cell is capable of recovering from the large 

deformations that occur after migrating through a tiny constriction. To address this, we 

carried out time-lapse fluorescence imaging of MDA-MB-231 cells with mNG tagged 

lamin A as they migrated through constrictions of 1-2 µm in a microfluidic device.  

 Our conclusions are: (1) if a cell was capable of preventing its nucleus from 

breaking when moving through the constrictions it was able to recover from a heavy 

deformation afterward. However, the cell will die if its nucleus was significantly 

disrupted during migration. (2) The nuclear deformation is the rate-limiting step during 

extravasation. (3) The smallest constriction the cell passed through is 2 𝜇𝑚. 
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4.2 INTRODUCTION 

 The study of cell migration in confined regions is essential in understanding the 

metastasis of cancer cells1,2,3. Tumor cells leaving the tumor mass squeeze into and out 

of vessels in a process called extravasation. It has been shown that a cell can migrate 

through a region as small as 10% of the cross-section of its non-deformed nucleus4,5,6.  

 Nuclear deformability is mostly determined by two factors—nuclear lamin 

expressions and chromatin type7. Lamins are the crucial components of the cytoskeletal 

structures of nucleus. They are located on the interior of nuclear envelope and have 

functions on disassembling and reforming of the nuclear envelope during mitosis, the 

positioning of nuclear pores as well as programming of cell death. There are two types of 

nuclear lamins—A-type lamins (A, C and C2)8,9 and B-type lamins (B1, B2, and B3)10. 

The stiffness of the nucleus is primarily determined by A-type lamins. It has been reported 

that the nucleus tends to be stiffer if the cell expresses more A-type lamins and loss of A-

type lamin expressions increases the deformability of the nucleus11,12. However, the effect 

of B-type lamins on the nuclear deformability is not as significant as that of A-type lamins 

even if increased B-type lamin expression also makes the nucleus stiffer13.  The chromatin 

type is another factor that affects the rigidity of the nucleus. Euchromatin is more loosed 

packed chromatin regions and is more active in turns of gene expressions. 

Heterochromatin is more densely packed chromatins and contains inactive genes. It has 

been reported that the rigidity of the nucleus decreases when cells are treated with 

deacetylase trichostatin A (TSA), which promotes the euchromatin over 

heterochromatin14.  
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Figure 4.1 Schematic of how cancer cell migrates through confined space in the 

extracellular matrix (ECM) network (figure taken for Ref.7). 
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 Since the nucleus is the stiffest compartment of a cell, when the cell migrates 

through a confined space, the nucleus divides the cytoplasm into the front and back 

compartments (Figure 4.1)7. There are four motions involved in this migrating process, 

three motions associated with the front end and one motion associated with the back end. 

The front end of the nucleus is pulled forward through actomyosin contraction facilitated 

by intermediate filaments, microtubule-associated motors. It is also rotated forward via 

microtubule-associated motors. The back end of the nucleus is pushed forward by 

actomyosin contraction. 

 

4.3 MATERIAL AND METHODS 

4.3.1 ER staining of MDA-MB-231 mNG-LaminA cells for imaging  

 The ER-Tracker red dye was purchased from ThermoFisher Scientific. The dye 

was dissolved in 110 ul of DMSO, and the stock concentration is 1 mM. The night before 

staining, MDA-MB-231 mNG-LaminA cells were plated on a 14mm glass-bottom 

MatTek dish. On the next day, the ER-Tracker red dye was diluted in 1X HBSS buffer to 

a final concentration of 1uM. The diluted staining solution was pre-warmed at 37C water 

bath for 5-10 minutes before using. Before staining, the medium was removed from the 

dish, and the cells were rinsed twice with 1X HBSS buffer. The pre-warmed staining 

solution was added to the dish, and the dish was then incubated at 37 C incubator for 15-

30 minutes. When this was done, the staining solution was replaced with the fresh probe-

free medium and imaged on the i880 confocal microscope. 
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4.3.2 Making PDMS microfluidic migration devices 

Making PDMS in a plastic mold. Sylgard 184 silicone elastomer base and curing agent 

were purchased from Sigma-Aldrich. Fifty grams of elastomer base and 5 grams of curing 

agent were mixed in a large weigh boat and were stirred vigorously for 5 minutes for 

complete mixing. Then the weigh boat was placed in a vacuum chamber for 20 minutes 

to remove bubbles. The mixture was poured into the plastic mold that contains the pattern 

of our microfluidic device (if there are small bubbles, allow mold to sit for a few minutes 

to allow bubbles to rise to the surface where they can be removed by blowing air over the 

surface).  The molds were a gift from the laboratory of Jan Lammerding in Biomedical 

Engineering at Cornell.  The plastic mold with the mixture was incubated in 65 C 

incubator for 2 hours to solidify. After 2 hours, the mold was taken out from the oven and 

cooled in room temperature overnight. On the next day, the PDMS plate was peeled out 

from the plastic mold carefully using an Exacto knife. The whole PDMS can make 12 

individual devices and a scalpel was used to cut out the 12 evenly sized square devices 

for the next steps. Figure 4.4 shows the device design. 

 

Mounting migration devices on glass coverslips. The coverslips for mounting the 

migration devices were incubated in HCl bath overnight. The devices were treated and 

mounted the next day. Biopsy needles were used to cut out holes in each device. The two 

large holes serve as reservoirs and were cut out using a 6 mm biopsy needle. The two 

small holes which act as side-ports for loading cells onto the device were cut out using a 

1 mm biopsy needle (Figure 4.4 A). The device was rinsed with isopropyl alcohol (IPA), 

DI water, IPA again, and DI water again together with coverslips. Then they were dried 
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with an air gun and treated in a plasma cleaner for 1 minute. The devices were mounted 

onto the coverslips with the patterned side down. For helping the device attach to the 

coverslip, they were placed on a heat block at 95C for 5 minutes. Each device was 

checked under a microscope to ensure that the pillars were not collapsed during the 

attachment step.  The devices were stored in a Petri dish to keep them from dust before 

we proceeded to coat and load cells.   

 

4.3.3 Coating and loading cells on the migration device 

 The device was sprayed with ethanol before it was put into the biosafety hood for 

coating. 200ul of 70% ethanol was added to the reservoir of the device and pipetted up 

and down several times to rinse it. Then it was checked under the microscope for any 

bubble formed. The bubbles were removed if there was any. The above step was repeated 

twice. The ethanol was removed using a pipette, and some sterile water was added to the 

reservoir and pipetted up and down several times to rinse out the ethanol residual. The 

device was rinsed with sterilized water three times and 1X PBS once before we added 

20ul/ml fibronectin mix (diluted in PBS buffer) to the device through the side pores. The 

device was then incubated in a large Petri dish in 37 C overnight. To prevent fibronectin 

from drying out, a 35mm dish filled with water was put into the Petri dish together with 

the device. 

 On the next day right before plating cells, fibronectin was removed from the 

device, and the device rinsed once with 1X PBS.  MDA-MB-231 mNG-LaminA cells 

were trypsinized with 3 ml trypsin, resuspended into 7 ml medium and moved to a 10 ml 
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Figure 4.2 (A) Carton of the design of the microfluidic device that shows the setup of 

the cell migration experiment. (B) Wide-field images of MDA-MB-231 cells as they 

were migrating inside the constrictions.  
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conical tube. The concentration of the cells was measured using a cell counter.  Based on 

the concentration of the cells, they were transferred into a 1.7 ml Eppendorf tube and re-

suspended at a concentration of 5 × 10Q cells/ml.  Afterwards, 6 ul of the solution was 

loaded onto the device through the side-pore located on the opposite side of the by-pass 

channel. The device was checked under the microscope to make sure that most of the 

cells were situated close enough to one side of the constrictions, and no cells were on the 

other side. Cells were checked under the microscope every 30 minutes to 1 hour to see if 

they started to enter the constrictions. When this happened, the device was immediately 

placed on the Zeiss LSM880 confocal microscope and imaged.   

 

4.4 RESULTS 

4.4.1 Nucleus recovery after substantial deformation using time-lapse fluorescence 

imaging of MDA-MB-231 migrating through constrictions 

Since lamin A is expressed on the inner nuclear membrane, we could use fluorescently 

labeled lamin A to visualize the outline of the nucleus.  Thus, MDA-MB-231 cells stably 

expressing Lamin A-mNG were used to track the change of their nuclei when they 

migrated through constrictions in microfluidic devices. Before we did time-lapse imaging 

them as they were migrating in the microfluidic devices, we first did 3D fluorescence 

imaging of their lamin structures at a high resolution. We found that lamin A proteins 

form tubular structures that protruded into the nucleus. After the ER was stained, we 

discovered that the ER also existed in these tubular structures. These structures appear to 

be regions where the ER invaginates the nucleus and is assumed to be involved in protein 
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transportation, and transduction of external signals into the nucleus that may regulate 

transcription and chromatin reshaping.   

 We plated the MDA cells in microfluidic devices to image them migrating 

through the constraints in the device (Figure 4.2). We noticed cells started to migrate 

towards the constrictions without setting up a serum gradient. About 3-4 hours after 

plating, they began to enter the constrictions. Depending on the size of the constrictions 

(either 1 or 2 µm), the time it takes for a cell to go through varies. For MDA-MB-231 

cells, the majority of them were not capable of migrating through 1	µm constrictions, but 

many of them were able to migrate through the 2 µm  constrictions. Thus, 2µm  is 

probably the limit for this type of cells. Figure 4.2 and 4.6 show wide-field phase contrast 

and dark-field fluorescence images of cells migrating through constrictions.  Even if we 

cannot see the deformed nuclei on the wide-field images, we can see that the shape of 

cells inside constrictions was significantly different from that of the cells outside the 

constrictions. All the cells inside the constrictions were elongated and formed long 

protrusions that might have functions on helping them move forward. In the dark-field 

fluorescence image (Figure 4.3), we can see that 4 hours after plating, a cell started to 

enter a constriction, but the rate-limiting step was to move the nucleus through. On the 

time-lapse images, we could see that the lamin A formed three tubular structures before 

it entered the constriction region (in between the circle 1 and 2). Its nucleus was heavily 

deformed as moved through the 2 µm constriction. It took the cell about 2 hours to move 

through the first constriction.  The three tubular structures reformed after the cell migrated 

through, which provided evidence of recovery of the nuclear structure. 
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Figure 4.3 Fluorescent time-lapse images that show the recovery of the nucleus 

structure for an MDA-MB-231 cell as it migrated through the constriction of 2 µm. 



 88 

4.5 CONCLUSION 

 Fluorescence microscopy is a powerful tool for studying cancer cell metastasis 

and invasion. In this work, we used confocal and two-photon fluorescence microscopy to 

look at MDA-MB-231 (a type of breast cancer cells) when they migrate through small 

constrictions as a way to model extravasation in vitro. We found that the cells were able 

to retain their original nuclear structure even if their nuclei were heavily deformed during 

migration. However, there was a limit for the size of constrictions the cells could migrate 

through - if the size of the constriction is too small (for MDA-MB-231 cells, 2 µm is the 

lower limit) or if the nucleus gets damaged during migration, its nucleus won't recover, 

and the cell dies.  
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CHAPTER 4 

DESIGN AND MAKE LOCI-SPECIFICALLY TAGGED CELL-LINES FOR 

THE STUDY OF CHROMOSOMAL INTERACTIONS USING A NOVEL  

TWO-PHOTON CROSSLINKING METHOD 

3.1 ABSTRACT 

 Understanding how the chromosome is spatially organized and how gene 

transcription is spatially regulated by cis-regulatory elements (CREs) is both genetically 

and biologically significant. Traditionally, the biochemical way of studying chromosome 

interactions used is 3C (chromosome conformation capture)-based methods1,2,3,4,5. 

However, they do not tell us any spatial information on how genes are regulated. More 

recently, genome architecture mapping (GAM) was invented to overcome this limitation6. 

Even if GAM is capable of study chromosome architecture spatially, it is still an indirect 

method that heavily depends on computational power. We can only get relative instead 

of absolute information on how the chromosome is spatially organized from GAM. The 

method we are developing using fluorescent imaging and 2-photon crosslinking will help 

us directly gain insights into spatial information of chromosome architecture and gene 

regulations. 

 

3.2 INTRODUCTION 

As is mentioned in 1.4.2, over 90% of human disease-related genetic variants are 

in the non-coding regions of the chromosome7,8, thus understanding how chromosomes 

are organized and how genes are regulated is crucial in biological studies. In the past two 

decades, various biochemistry methods have been developed to help answer these 
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questions, including the most well-known chromosome conformation capture or 3C 

method1 and its descendants—4C (chromosome conformation capture-on-chip)2, 5C 

(chromosome conformation capture carbon copy)3, Hi-C (High-throughput sequencing)4 

and ChIP (chromatin immunoprecipitation) based method9. Figure 3.1 shows the 

comparisons of these methods and their applications. We can see that 3C is a low-

throughput method for studying the interaction between two specific chromatin loci. 4C 

is used to study which loci are interacting with one specific locus in chromatin, while 5C 

is used to study the interactions among different chromatin loci in a specific region such 

as the b-globin locus and a-globin locus in human genome10 as well as the HOXA-D 

gene clusters11,12,13. Similar to 5C, which is also a high-throughput method, Hi-C is a 

method that does genome-wide chromosome interactions study. It also has a much higher 

resolution than the 5C method. There are also several limitations of chromosome 

conformation capture-based methods. Since millions of cells are needed in preparing the 

genomic DNA library for sequencing in order to increase resolution14, it is usually low in 

efficiency and high in cost. Moreover, the results are the averaged effects of all the cells, 

which are typically in different cell stages; it has very low sensitivity and specificity. 

More recently, genome architecture mapping (GAM), a computation-based 

genome-wide method was developed for measuring chromosome interactions6. Figure 

3.2 shows how GAM works. Instead of all the complicated biochemistry steps needed in 

3C based method for preparing DNA library for sequencing, GAM sequence 

cryosectioned, thin slices from about 400 whole cells and calculating their spatial distance 

based on statistical inference of co- 
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Figure 3.1 Detailed comparisons of chromosomal conformation capture-based 

methods for studying chromosome interactions (figure taken from Ref.5).  
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Figure 3.2 Schematic of GAM. (A) Cartoon illustrations of the relationship 

between co-segregation frequency and spatial distance of two specific 

chromosome loci. (B) An example that shows how the SLICE model works 

(figure taken from Ref. 6).  
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segregation (SLICE) model. Since both 3C based methods and GAM are computationally 

intensive, indirect ways of measuring chromosome interactions based on the averaged 

contact frequencies of two loci, developing direct imaging techniques to investigate 

chromosome architecture and gene regulations have become a hot area in genetic and 

genomic studies. FISH (fluorescent in situ hybridization) method has been applied to look 

at the spatial organization of specific genomic loci in the past15. One big limitation of 

FISH is that it is a very low-throughput imaging method that can only visualize a few loci 

at the same time. As a result, developing a high-throughput direct imaging method is very 

important.  

The loci-specific, two-photon crosslinking method for studying chromosome 

interactions we are developing helps overcome the above limitations of existing in 3C-

based methods, GAM, and FISH. Our new method combines imaging, biochemistry, as 

well as sequencing approach, which enables us to gain powerful insights into the spatial 

organization of chromosome and gene regulations. The psoralen-based DNA 

intercalating crosslinker we use is capable of forming a covalent linkage between 

thymidine when it is exposed to UV16,17. To realize loci-specific crosslinking of a small 

region in the nucleus, we use fluorescently tagged LacI/LacO system to mark the 

chromatin region and two-photon microscope to irradiate that specific region.  In the first 

proof of principle experiment, we used U2OS 2-6-3 cells18 (Figure 3.3) that have 200 

copies of 256 LacO repeats stably integrated into the genome and are stably expressing 

LacI-YFP for loci-specific crosslinking and sequencing.  

As we already talk about in Chapter 1, other alternatives to the LacI/LacO system 

for marking specific chromosome loci are CRISPR-dCas919,20 as well as TALEN 
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systems21,22,23. The strategy is that we introduce DNA repeats to the specific genomic loci 

where we want to study, and each repeat is recognized by a specific and previously 

characterized TALE that is tagged with a fluorescent protein (FP).  In particular, we will 

use the AvrBs3 protein whose DNA binding domain has a Kd of 3.9 nM for its wild type 

target DNA sequence as well as pthXoI, another native TALE found in rice24. DNA 

containing 19bp and 25bp DNA binding repeats for these TALE-FPs will be made as 

gBlock DNA fragments. Since TALE can be engineered to bind different DNA sequences, 

we are capable of marking several loci at the same time.  

 

3.3 MATERIAL AND METHODS 

3.3.1 Stable cell line creation  

Creation of U2OS 2-6-3 cells that stably express LacI-EYFP 

Day 1: The night before transfection, the cells were plated onto a 7mm glass bottomed 

MatTek dishes and let it grow overnight.  

Day 2: The cells were co-transfected with pSV2-EYFP-LacI plasmid and pCDH 

puromycin resistant plasmid at a ratio of 1:20. The cells were kept in the medium that 

contains 5mM IPTG25 to prevent the binding of LacI-EYFP to the LacO site since it will 

block DNA replication. Also, IPTG was replenished every 2-3 days (Please note that if 

IPTG is not replenished, the cells will slowly lose the LacO binding site during the stable 

cell-line making the process. The final cells will not have LacI-EYFP marked 

chromosome locus when imaged).   

Day 3: The transfected cells were moved to a larger tissue-culture treated Petri dish of 

150mm in diameter.  
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Day 4: 1ug/ml puromycin was added to the select successfully transfected cells 

Day 5-Day 20: Stable cell-line selection with puromycin until the cells form distinct 

single colonies for picking.  

 

Pick single colonies and make monoclonal U2OS 2-6-3 LacI-EYFP cells 

When the distinct single colonies were formed (2-3 weeks after selection started), 

48 of them were picked and plated onto a 48-well plate to let them grow (in the presence 

of puromycin and IPTG). To check whether these cells have LacI-EYFP stably integrated, 

we plated 20 colonies on MatTek dishes and imaged on the microscope. We found that 5 

of them were fluorescent. Then we removed IPTG to check the existence of LacO binding 

sites. The monoclonal cell-lines that showed bright yellow spots in the nuclei were frozen 

down for later use.   

 

Make U2OS 2-6-3 cells stably expressing both LacI-EYFP and rtTA proteins 

Day 1: The night before transfection, the U2OS 2-6-3 LacI-EYFP cells were plated onto 

a 7mm glass bottomed MatTek dishes and let it grow overnight.  

Day 2: The cells were co-transfected with pTetOn plasmid and pCDH blasticidin resistant 

plasmid at a ratio of 1:20. The cells were kept in the medium that contains 5mM IPTG to 

prevent the binding of LacI-EYFP to the LacO site since it will block DNA replication. 

Also, IPTG was replenished every 2-3 days.   

Day 3: The transfected cells were moved to a larger tissue-culture treated Petri dish of 

150mm in diameter.  

Day 4: 15ug/ml blasticidin was added to the select successfully transfected cells. 
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Day 5-Day 20: Performed Stable cell-line selection with blasticidin until the cells form 

distinct single colonies for picking. 

 

Selection of single colonies and  monoclonal U2OS 2-6-3 LacI-EYFP pTetOn cells 

When the distinct single colonies were formed (2-3 weeks after selection started), 

72 of them were picked and plated onto two 48-well plates to let them grow (in the 

presence of puromycin and IPTG). After growing for a few days, 50 of them were 

survived. To check whether these cells have both LacI-EYFP and pTetOn stably 

expressed, we plated all survived colonies on MatTek dishes for imaging, and we found 

that 9 of them showed CFP-SKL expression. Luckily, seven out of those nine monoclonal 

cell-lines showed bright yellow spots after IPTG removal. The monoclonal cell-lines that 

showed bright yellow spots in the nuclei and CFP-SKL expressions in the cytosol were 

frozen down for later use.  

 

3.3.2 Two-photon crosslinking 

U2OS 2-3-6 cells that are stably expressing LacI-EYFP and pTetOn were plated 

at the center of 7mm MatTek dish (50ul, ~10,000 cells). The cells were incubated in the 

37C incubator for 30 min to let them attach to the bottom. Then 2ml DMEM medium 

containing 5mM IPTG and 5ug/ml doxycycline was added to the dish, and the cells were 

incubated overnight. On the next day, about 6 hours before irradiation, IPTG was 

removed to let LacI-EYFP bind to the LacO repeats. One hour before irradiation, the cells 

were permeabilized with 0.2% Triton-X100 in buffer S for 10 min and then incubated 

with 200uM AP3B in a 37C incubator for 1 hour. The cells were imaged with 514nm 
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laser for automatically identifying and selecting EYFP marked genomic loci (yellow 

spots), and then they were irradiated using the two-photon laser of 720nm. After the 

irradiation, the cells were removed from MatTek dish using 0.25% Trypsin-EDTA and 

collected into a 1.7ml non-stick Eppendorf tube in ~50ul PBS buffer. The cells can be 

stored in -80 C for a few weeks if they are not immediately processed. 

 

3.3.3 Genomic DNA extraction and pull-down using magnetic beads  

Genomic DNA extraction and preparation 

The two-photon crosslinked cells were pooled and resuspended in 200ul PBS for 

genomic DNA isolation using PureLink Genomic DNA (gDNA) mini kit. The extracted 

gDNA was kept in 50ul elusion buffer, out of which, 10ul was set aside for later analysis. 

The rest 40ul gDNA was sonicated for 10 minutes (30 seconds on and 90 seconds off) to 

make sure that the size of final DNA fragments is between 200 base-pair to 1-kilo base-

pair.  

 

Preparation of Dynabeads M-280 Streptavidin for gDNA pull-down 

Wash 10ul of Dynabeads 3 times with 1ml Tween wash buffer (5mM Tris, 0.5mM 

EDTA, 1M NaCl, 0.05% Tween 20, pH 8.0). The beads were then resuspended with 100ul 

2X binding buffer (10mM Tris, 1mM EDTA, 2M NaCl, pH 8.0). Incubate 100ul beads 

with 40 gDNA, 260ul H2O and 200ul 2X binding buffer at room temperature for 30-60 

minutes. After the incubation, the beads were washed with 500ul Tween wash buffer 3 

times and transferred to a new tube. 
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gDNA elution from the beads and reverse crosslinking  

The Tween wash buffer was removed from the new tube the beads were transferred into, 

and 56ul elution buffer (95% Formamide, 10mM EDTA) was added. The new mixture 

was incubated at 65 C on a heat block for 5 minutes. The supernatant was transferred to 

another new tube. Add 44ul of crosslink reversal buffer (3M Urea, 0.1M KOH, and 1mM 

EDTA) and incubate at 90C for 10 minutes on a heat block. Afterward, we added 200ul 

H2O, 40ul 3M NaOAc, 1ml cold Ethanol 1ul glycoblue. The solution was incubated at -

20C for at least 2 hours or -80C for 30 minutes to let DNA precipitate. The precipitated 

DNA pellet was resuspended with 40ul H2O for further analysis using qPCR/library 

preparation for sequencing. 

 

3.3.4 Sequencing and data analysis 

DNA library was prepared using a standard library preparation kit and was 

sequenced using the Illumina sequencing system. The unaligned, .fastq format raw data 

were first processed using AdapterRemoval software to remove adapter sequences and 

for initial trimming. Before running alignment, we subsampled the sequencing data and 

ran quality control using FastQC software to make sure that the quality of the sequencing 

data is high enough for later analysis. Then the trimmed sequencing data were mapped to 

the indexed human reference genome using Bowtie2 software. The alignment results 

were then analyzed and visualized using python.  

 

3.3.5 Design and Cloning of TALE-FP constructs and binding repeats 

gBlock binding repeats 
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pthXoI binging sequence: TGCATCTCCCATTACTGTAAAACAT 

TTCTAGATCACGTTACCACCATATGAATTC(EcoRI)GGCCATAAGTCGGTGCG

AATACGGGTCGTAGTCGAC(SalI)CCTGACCACGGTTGCGCGTCCGTATCAAG

ATGCATCTCCCATTACTGTAAAACATCTTGGCCCTCCACCCTTAGGCAGTGT

ATACTGCATCTCCCATTACTGTAAAACATAGCGTCATTGCGAGTAGTGCATT

GCTTTCTTGCATCTCCCATTACTGTAAAACATATACACCGACGCACCTGTTT

ACACGTCGTATGCATCTCCCATTACTGTAAAACATTACAGGTTCGCCTGTCG

CCAAGATGCCTTATGCATCTCCCATTACTGTAAAACATCCTAGATGCAATGA

CGGACGTATTCCTCTGTGCATCTCCCATTACTGTAAAACATAGTGAGTCCTT

CGTCTGTGACTAACTGTGCTGCATCTCCCATTACTGTAAAACATCAAATCGT

CTTGCAAACTCCTGATCCAGTTTGCATCTCCCATTACTGTAAAACATAATTG

AGACCGTCCTAACTCACCACTCGAG(XholI)TGAGAACGATAGGTAAACCTGG

TGTCCTGT 

 

AvrBs3 binding sequence: TCTATAAACCTAACCCTCT 

CCATTCTCTCGGTCCCATATAAACCGAATTC(EcoRI)TACGTAGCGTGTCGAC(

SalI)TCTATAAACCTAACCCTCTTTTGCGACGTTCTAAGTGTTGGACGTCTATA

AACCTAACCCTCTATATGAATCGCGACCCAGGATGACGTCTATAAACCTAA

CCCTCTACTCTCCTCGTCAGCAGTCTGGTGTTCTATAAACCTAACCCTCTATC

GAAAGTACAGGACTAGCCTTCCTCTATAAACCTAACCCTCTGACATGAGTCA

AGATATTTGCTCGGTCTATAAACCTAACCCTCTTAACGTATGCTCTAGGCAT

CTAACTTCTATAAACCTAACCCTCTCGTTATCTGCCTGTCGAACCATAGGTC
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TATAAACCTAACCCTCTGACTACGAGCATCTGGCGTCTTGGCCTCGAG(XholI

)ATTAATTTCC 

 

Molecular cloning 

Plasmids for the TAL backbone (pTAL1 with natural bacterial activation domain 

and NLS) and both N-terminus and C-terminus truncated pthXoI, and AvrBs3 were 

obtained from Bogdanove lab here at Cornell. pTAL1 was digested and inserted into a 

lentiviral transfer vector (pCDH-CMV-MCS-EF1-Puro, System Biosciences). The 

pTAL1 STOP codon was removed by site-directed mutagenesis. The sequence for either 

mNeonGreen or tdTomato sequences was inserted immediately following the pTAL1 

gene; this vector can now serve as the backbone for any DNA-binding sequence. pthXoI 

and AvrBs3 DNA-binding domains were digested and inserted into pCDH-pTAL1-

mNeonGreen-puro and pCDH-pTAL1-tdTomato-puro respectively. The 8mer binding 

repeats of pthXol and AvrBs3 that contain SalI restriction site at N-terminus and Xhol 

restriction site at C-terminus were ordered as gBlock fragments and were cloned into the 

pPB vector. These two restriction sites were specially picked so that they allow us to 

double the number of binding repeats after each round of cloning. The cloned vectors 

were transduced into U2OS cells and imaged by confocal microscopy.   

 

3.4 RESULTS 

3.4.1 Visualizing specific genomic loci using cells LacI/LacO system 

U2OS 2-6-3 cells were obtained from Spector lab from Cold Spring Harbor. The 

cells have ~200 copies of the p321PECMS2b construct (Figure 3.3) stably integrated in  
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Figure 3.3 (A) Cartoon of p321PECMS2b construct and illustration of LacI-EYFP 

binding and gene activation in U2OS 2-6-3 cell-lines. (B) When IPTG is removed, LacI-

EYFP binds to LacO repeats in the transgene region and renders a yellow spot. (C) 

Doxycycline-induced cells that are expressing CFP-SLK in the cytosol. (D) 3D 

reconstruction of a cell with LacI-EYFP binding to transgene locus and is expressing 

CFP-SKL. (Figure 3.3(A) adapted from Ref.18) 
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chromosome 1. p321PECMS2b has 256X of Lac operator repeats, which can be bound 

by LacI proteins. It also has tetracycline responsive elements at the upstream of its 

miniCMV promoter. The transcription can be turned on with the presence of Tet-On 

Advanced transactivator (rtTA) and doxycycline. When the gene is turned on, the cells 

will produce mRNA that contains 24 MS2 sequences, which can be bound by MS2 coat 

protein (MCP). It will also produce a cyan fluorescent protein (CFP) tagged SKL protein 

in its cytosol. 

To check whether the stable cell lines (U2OS 2-6-3 with LacI-EYFP and pTetOn) 

we made still have p321PECMS2b integrated into the genome, we induced gene 

expression using 5ug/ml doxycycline 24 hours before imaging and then the cells were 

imaged on i880 confocal microscope without IPTG. In Figure 3.3, we can see that more 

than half of the cells show fluorescent puncta in their cytosol. It proves that the cells 

indeed express CFP-SKL. We noticed that the expressing of CFP-SKL was already 

observed 5 hours post doxycycline removal, but the expression reached a peak after 24 

hours. We also noticed that the binding of LacI-EYFP could affect the expression level 

of CFP-SKL (Figure 3.4), thus, for a future experiment, it is better to remove IPTG 3-4 

hours before imaging/crosslinking to minimize the block of gene expression by LacI. It 

also allows enough time to let LacI-EYFP bind to the transgene loci.   

To help visualize chromosome decondensation during gene transcription, we then 

transfected U2OS 2-6-3 stably expressing LacI-EYFP and rtTA cells with MCP-RFP. 

Doxycycline was added 6 hours before imaging and IPTG was removed 3.5 hours before 

imaging. Figure 3.5 shows the three-color imaging of an activated cell. The yellow 

fluorescence was located in the nucleus of the cell represents LacI-EYFP. The blue  



 105 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 
Figure 3.4 Effect of LacI binding on gene activation. Top row: cells were activated 

with IPTG removal and LacI-EYFP binding. Bottom row: cells were activated with the 

presence of IPTG, and LacI-EYFP binding was blocked. There were more cells with 

CFP-SKL expression when LacI-EYFP binding was blocked.    
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Figure 3.5 U2OS 2-6-3 LacI-EYFP cells that were transiently transfected with MCP-

RFP and then induced by doxycycline. White arrows show the decondensed 

chromosome region after the gene was activated.  
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fluorescence in the cytosol represents CFP-SKL. The red fluorescence located in the 

nucleus represents MCP-RFP. Since IPTG was removed, LacI-EYFP started to bind to 

LacO repeats. At the same time, the gene expression was induced by doxycycline, and 

the cell began to make mRNA that contains MS2 tandem repeats. MCP-RFP was 

recruited to these MS2 sites while mRNAs were being transcribed on the transgene. Thus, 

both LacI-EYFP and MCP-RFP were located in the same place on the chromosome where 

the transgene was integrated (Figure 3.5, white arrows). We also noticed that, instead of 

a bright spot shown in the image, the chromosome region where the transgene was located 

decondensed and took up a much larger area in the nucleus. This chromosome 

decondensation showed the reorganization of the chromosome during gene activation, 

indicating that other chromosome loci might have been involved in regulating the gene 

activation. This reorganization and regulation behavior could be studied by our loci-

specific two-photon crosslinking and sequencing method we are developing. 

  

3.4.2 Two-photon crosslinking and sequencing analysis 

 After the U2OS 2-6-3 LacI-EYFP pTetOn cell line was successfully made, we went on 

to do loci specific crosslinking with these cells on our automated 2-photon microscope. 

The gDNA was then collected after irradiation, and the crosslinked chromosome regions 

were pulled down using streptavidin-coated magnetic beads. After crosslinking was 

reversed, a small fraction of the sample was aliquoted for qPCR to measure the 

enrichment of the transgene sequence, and the rest was used for library prep for 

sequencing.   
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  To calculate the enrichment of the transgene in the pull-down samples, we use the 

rDNA sequence as our baseline. The ratio of the total copy number of minCMV promoter 

sequence located in the transgene and the copy number of rDNA promoter was calculated 

for both 2-photon crosslinking sample and the negative control (cells crosslinked with 

UV). Since the gDNA prepared from negative control was not loci-specifically 

crosslinked, it acts as the background of our calculation. Based on this, the enrichment 

calculated from qPCR experiments for loci-specific crosslinking using a two-photon 

microscope was somewhere between 3.5-fold to 5.9-fold. Even if this result was not as 

high as indicated in theory, but it showed that it was moving in the right direction. Besides, 

the sensitivity of qPCR is not high enough, especially with such a low DNA concentration; 

the actual enrichment might be higher.  

Then we submitted the DNA library prepared from these samples for sequencing. 

Unfortunately, from the sequencing analysis, we didn't see any enrichment of the 

transgene sequence in the loci-specific crosslinked sample compared to the negative 

control. Several reasons might have caused this. First of all, we didn't have enough 

starting material. The total number of cells we irradiated might not be enough. Second, 

the crosslinking efficiency was too low, and magnetic beads did not capture most of the 

starting material during sample preparation steps. Third, the non-specific binding of 

crosslinker to DNA and the background irradiation might have added substantial noise to 

the sequencing result. Lastly, there might be a loss of DNA during the preparation steps 

due to the low efficiency of retrieving DNA at each step. Thus, further optimization is 

required for each of the above steps.   
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3.4.3 Alternative imaging strategy of chromosome loci using TALE-FPs 

Previous groups have used designer TALEs and sgRNAs to target endogenous 

repeats (e.g., telomeres and centromeres). However, we found that there were some native 

DNA-binding proteins of high efficiency in various organisms. In particular, we have 

decided to utilize pthXoI and AvrBs3, TALEs from the bacterial genus Xanthomonas 

which have previously been shown to bind their targets with high affinity. I plan to 

introduce fluorescent protein-tagged versions of these TALEs, along with repeats of their 

cognate DNA sequences into mammalian cells to assess the specificity of binding and 

signal-to-background in a cellular setting. In particular, I generated the following 

constructs for imaging: (1) AvrBs3-tdTomato; (2) 8X, 16X, 32X, 64X, 128X and 256X 

AvrBs3 binding repeats; (3) pthXoI-mNeongreen (mNG); (4) 8X, 16X, 32X, 64X and 

128X pthXoI binding repeats and (5) 64X AvrBs3 binding repeats and 64X pthXoI 

binding repeats in tandem (Figure 3.6). 

 The cloned vectors were transduced into U2OS cells and imaged by confocal 

microscopy. Both TALE-FPs were expressed and localized to the nucleus. Cells with high 

expression levels showed high amounts of TALEs in the nucleoli, but this was mitigated 

for cells with lower TALE concentrations. But we didn’t detect any bright spot in the 

nucleus. The CMV promoter induces high protein expressions. If there were excessive 

unbound proteins in the nucleus, the real signals might have been covered by the 

fluorescence background. Thus, further optimizations are required to visualize TALE 

binding to specific loci. Ideally, we would like to see distinct spots  
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Figure 3.6 Design of TALE constructs. (A) Schematic of fluorescently tagged TALE 

construct. The TALE protein construct has both 3' and 5' terminal truncations, 

leaving the minimal number of codons needed for DNA binding. (B) Diagram 

showing the strategy for cloning TALE binding tandem repeats. (C) DNA 

electrophoresis gel images show 256 AvrBs3 binding repeats (A 256), 128 pthXoI 

binding repeats (P 128) and 64 AvrBs3-pthXoI binding repeats (A and P 64) was 

successfully cloned into the pPB vector. 
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representing the binding sites of TALE with high signal to background level and minimal 

non-specific binding to other loci. 

The first optimization I did was to minimize non-specific binding of the TALE-

FPs to off-target sites. Non-specific binding was probably due to the interaction between 

the DNA binding domain of TALE and other proteins. It is because that the DNA binding  

domain contains the TALE activation domain, which may interact with the cellular 

transcription machinery. Thus, we truncated both the N-terminus and C-terminus of 

pthXoI and AvrBs3. 

The other optimization I did was to change the promoters for TALE-FPs. While 

the CMV promoter was used to drive TALE-FP expression in earlier papers, weaker 

promoters such as UBC or PGK may be more appropriate. Alternatively, an inducible 

promoter such as TRE could also be used to tune the expression level by controlling 

doxycycline concentration in the media or by inducing for a specific period. In my 

experiment, I use the Tetracycline-inducible promoter since the expression level is 

tunable. 

To generate cell lines with stably integrated binding repeats for TALEs, we 

transfected U2OS rtTA cells with plasmids containing 256X AvrBs3 binding repeats 

(A256), 128X pthXoI binding repeats (P128), 64X AvrBs3 binding repeats and 64X 

pthXoI binding repeats in tandem (A&P64). The cells were selected with puromycin for 

over two weeks. The new U2OS cell lines made have the above binding repeats stably 

integrated into their genome. Then the U2OS cells that have A256 integrated 
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Figure 3.7 Fluorescently tagged TALE Imaging of endogenous non-repetitive 

chromosome loci with binding repeats for TALE proteins stably integrated. (A) The 

U2OS cell expressing AvrBs3-tdTomato proteins. Two bright spots appear in the 

cell with integrated 256 AvrBs3 binding repeats (left). (B) The U2OS cell expressing 

pthXoI-mNeonGreen proteins. Three bright spots appear in the cell with integrated 

128 pthXoI binding repeats (left). (C) The U2OS cell expressing both AvrBs3-

tdTomato and pthXoI-mNeonGreen proteins. Co-localized right spots appear in both 

the green and red channels indicating specific DNA binding. 
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were transiently transfected with AvrBs3-tdTomato plasmids. The U2OS cells that have 

P128 integrated were transiently transfected with pthXoI-mNG plasmids. The U2OS cells 

that have A&P64 stably integrated were transiently co-transfected with pthXoI-

mNeonGreen and AvrBs3-tdTomato plasmids. These cells were then plated on the 

MatTek dish and imaged on the i880 confocal microscope. Figure 3.7 shows that the cells 

with binding repeats stably integrated have fluorescent spots in their nuclei while we don't 

see bright spots in normal U2OS cells. It indicates that with 256X AvrBs3 binding repeats  

and 128X pthXoI binding repeats, we are capable of visualizing specific chromatin 

regions.  

 

3.5 DISCUSSION 

 As was mentioned in 3.4.2, in our first trial of the loci-specific two-photon 

crosslinking experiment, we saw 3-fold to 5-fold enrichment in the qPCR analysis but 

not in the sequencing result. It was evident that the first sample had too much background. 

Several reasons can contribute to the high background. First of all, the laser power and 

the amount of photon dose were not optimized; thus, the crosslinking efficiency was not 

high enough to be detectable. We need to figure out if higher power and shorter irradiation 

time would give us higher crosslinking efficiency or lower power and longer irradiation 

time would. To further optimize the laser power, we are doing a grid search on both the 

laser power and irradiation time. We used streptavidin-Alexa 488 to label the crosslinked 

regions in the nucleus after washing out non-crosslinked AP3B. Ideally, the setting with 

the highest crosslinking efficiency would yield the brightest signal. However, even if our 

crosslinking efficiency was at its optimum, DNA from non-irradiated cells could also 
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bind to the streptavidin beads non-specifically and contributed to the background. 

Admittedly, since our system is not fully automated yet, we are not able to irradiate all 

the cells that will be collected in the end. Moreover, we found that the EYFP signal was 

fading away when we are doing the irradiation. It is because there were not enough EYFP 

in the solution to maintain its binding. Besides, the cells can gradually lose the binding 

site due to background LacI-YFP binding even if we keep IPTG in the medium to prevent 

the loss. As a result, there always exist cells that cannot be irradiated and contribute to 

the background. To reduce the background, we need to shorten the time it takes to 

crosslink cells by fully automating our crosslinking system. Moreover, we also need to 

minimize the number of non-irradiated cells by plating fewer cells each time. 

 After we solve the above background issue, we can start to apply this new method to 

study chromosomal interactions, which requires specifically labeled chromosome loci. 

Here, we use the pthXoI-mNG and AvrBs3-tdTomoato we made to visualize two 

chromosome loci at the same time. To do that, we need to do target insertion of pthXoI 

and AvrBs3 binding repeats using the CRISPR genome editing technique. There are two 

potential difficulties we might encounter here. The first one is to insert DNA tandem 

repeats into the specific genomic locus. The second one is to prevent the sgRNA from 

binding to other sites, thus generating an off-target insertion. To best maximize the 

insertion efficiency to the specific locus and minimize the off-target binding ratio, we 

will first optimize the design of sgRNA. Several things might affect the binding affinity 

and specificity of sgRNA, such as the sequence of the DNA binding site, the sequence at 

its 5'end and its total length, etc. To minimize the off-target binding, we will first reduce 

the number of mismatches in the DNA binding site of sgRNA, since the binding is based 
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on DNA-RNA hybridization. However, it has been reported that up to 5 mismatches are 

tolerated, with mismatches close to the PAM (protospacer adjacent motif) being less 

tolerated than mismatches more distal. Also, shortened sgRNA has higher specificity, and 

it's recommended to reduce the length of the guide sequence to 17nt18.  Another study 

shows that three things can significantly improve on-target efficiency. The first one is to 

use a synthetic guide RNA instead of plasmid-based RNA. The second one is to use dual-

RNA that is comprised of crRNA and tracrRNA separately instead of sgRNA. The third 

factor is to include two guanines in the 5' end of sgRNA, which helps in improving the 

efficiency of transcription done by T7 polymerase. For the plasmid-based repair 

templates, the optimal length of the homologous arms has not yet been accurately 

determined. An arm length of 1.5kb has been proven to repair DSBs introduced by 

CRISPR/Cas9 efficiently. To address this, we will design a sgRNA that introduces a cut 

at about 1.5kb upstream of the centromere of chromosome 15 to allow enough space for 

homologous combination. This will help avoid the use of the repetitive sequence in the 

centromere as part of the 3' homologous arm. 

 Compared to 3C-based traditional methods, our new approach is more cost-efficient 

since we don't need to sequence millions of cells to get enough resolution. Moreover, 3C 

based methods have issues such as low specificity and low sensitivity due to low 

efficiency in the ligation step and averaged signals from millions of cells at different 

stages. In summary, the loci-specific crosslinking and sequencing method we are 

developing could provide a powerful way of studying chromosomal interactions. 
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CHAPTER 5 

CONCLUSIONS AND FUTURE DIRECTIONS 

5.1 SUMMARY OF FINDINGS 

5.1.1 Overall Summary 

 As we have already known that optical imaging plays a crucial role in biological 

studies. One of the biggest obstacles in solving biological problems is that we are not able 

to 'see' things on such a small scale. With the help of the microscope, we are now capable 

of visualizing many processes inside the cells. Even if diffraction limit is still an issue in 
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the field of optical microscopy, luckily in the early 2000s, super-resolution imaging 

techniques were invented1,2,3, which make it possible for us to 'see' beyond the diffraction 

limit. Since then, many discoveries were made with the help of these newly developed 

imaging techniques. As a result, super-resolved fluorescence microscopy won the Nobel 

Prize in Chemistry. Besides super-resolution imaging, fluorescence microscopy methods 

also play essential roles in the cutting-edge fields in biology, such as high-throughput 

sequencing and cancer cell studies. 

 

5.1.2 Aptamer labeling for super-resolution imaging 

Developing labeling methods for visualizing non-fluorescent cellular structures is 

very important, especially in super-resolution imaging. In Chapter 2, we described a new 

labeling method we developed that used GFP aptamer4 for super-resolution imaging. 

Compared to the antibody labeling method, aptamer has the advantages of being much 

smaller, more comfortable to engineer, and cheaper to make in the lab. However, 

selecting and verifying the binding of an aptamer to its target requires months of work. 

Thus, it would be impossible to repeat the whole process for each protein of interest. In 

our work, we specifically choose the GFP aptamer because GFP is a general protein tag. 

By fusing the protein of interest with GFP, we will be able to image many other proteins 

without the need of selecting a new aptamer for that specific protein and verifying its 

binding.  

After doing some initial characterizations both in vitro and in vivo, we performed 

super-resolution imaging on HEK 293 cells stably expressing EGFP tagged transferrin 

receptors on their plasma membrane. The result showed that we were able to use our 
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aptamer labeling method to do super-resolution imaging on membrane proteins. Next, we 

wanted to see if we could extend our new approach to label proteins inside cells. Then 

we chose human fibroblast cells that stably express EGFP tagged LaminA protein on the 

inner side of the nuclear envelope. Again, we proved that we could perform super-

resolution imaging on intracellular proteins with our aptamer labeling method. 

Moving forward, we also demonstrated that we could modify our aptamer labeling 

method for a new type of super-resolution imaging technique—points accumulation for 

imaging in nanoscale topography (PAINT)5. Compared to the antibody labeling method 

for PAINT, it is much easier to use aptamer since we can add an RNA-linker to the end 

of aptamer as the docking strand. Using PAINT, we also successfully demonstrated that 

we were able to perform live-cell super-resolution imaging using our newly developed 

aptamer labeling method. 

 

5.1.3 Fluorescent imaging of cancer cell migration in constrictions 

 Investigating how cancer cells migrate in confined space is essential in the study 

of cancer cell metastasis and invasion. Previous studies show that the mobility of a cell 

migrating through constrictions depends on how easily its nucleus can be deformed6. 

Thus, nuclear deformability is the key to studying cancer cell migration. Also, it is 

reasonable to assume that there might be a change in the cell’s metabolic state when it 

has to deform its nucleus and force itself to move through a tiny space. In Chapter 4, we 

used a fluorescence microscope to track MDA-MB-231 LaminA-mNG cells when they 

were migrating through constrictions in microfluidic devices. We found that the cells 
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were able to recover for extreme nuclear deformation and the 3D structure of the nucleus 

is maintained.  

  

5.1.4 Chromosome loci-specific imaging and two-photon crosslinking 

 In addition to cellular structure imaging, optical microscopy also has full 

applications in the studies of chromosomal interactions. One of the well-known methods 

that have been frequently used is fluorescence in situ hybridization (FISH). One limitation 

of the FISH method is that it can only use fixed samples. Moreover, FISH is a low-

throughput method that is not capable of processing a large number of cells. In Chapter 

3, we talked about our loci-specific crosslinking and sequencing techniques for studying 

chromosomal interactions. Unlike FISH, our new method utilizes intrinsic fluorescent 

labels such as LacI-EYFP. One advantage of endogenous labels is that it causes little 

perturbation of the nuclear structures, and the labeling process is performed while the cell 

is still alive. There will be no artifacts caused by fixation and the heat denaturing steps.  

 To help visualize specific loci in chromosome for loci-specific crosslinking, we first 

generated a stable cell-line with integrated LacO binding repeats and expressing LacI-

EYFP as well as rtTA7. The cells we made can be induced using doxycycline and will 

express SKL-CFP upon gene activation. As a result, it is a perfect system for studying 

gene activation and chromosomal interactions. Other than the LacI/LacO system, we can 

also use TALE proteins for this purpose8. Since TALE can be engineered to recognize 

different DNA sequences, they are good candidates for multicolor imaging, which will 

enable us to visualize multiple chromosome loci at the same time. 
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 In the meantime, we are working on optimizing 2-photon crosslinking conditions 

to reduce the background and automating the crosslinking process to improve irradiation 

efficiency. We hope that with our fully optimized and automated loci-specific 2-photon 

crosslinking system, we would learn how chromosomes are spatially organized and gain 

new knowledge on how genes are regulated upon activations.  

 

5.2 FUTURE DIRECTIONS 

Developing new optical tools for dynamically resolving the nanoscale 

organization and architecture of the genome is always desirable. We are working on 

constructing and validating a new 3D super-resolution microscope that significantly 

expands the capabilities of Scanning Angle Interference Microscopy (SAIM)9, an optical 

imaging methodology previously developed by our collaborator Matthew Paszek9. By 

combining principles from interferometry and fluorescence microscopy, SAIM can 

dynamically image fluorescently labeled structures with up to 10-nm axial localization 

capability. By adding an improved SAIM illumination method combined with centroid 

localization to provide increased lateral resolution (we estimate 20-30 nm), we will create 

a unique 3D super-resolution system that is ideal for studying the spatial relationships 

between interacting regulatory sites within the nucleus.  

As we have mentioned many times that understanding how gene transcription is 

spatially regulated by cis-regulatory elements (CREs), which can be located thousands to 

millions of base pairs away from the promoter site, is both genetically and biomedically 

valuable.  It is possible to develop a new live cell, high-resolution imaging methodology 

that will allow for the visualization and quantification of these critical regulatory 
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interactions. The method is based on the insertion of DNA target sequences specific for 

TALEs, near endogenous genomic loci of interest. Since TALEs have high binding 

affinity and specificity to their target sites, and through the expression of fluorescently 

labeled TALEs, we will be able to image and track how interacting chromosomal loci 

change their positions relatively and absolutely in the nucleus upon gene activation with 

up to 20 nm localization precision. Using this technique, we can build a spatial and 

temporal architecture map of when, where, and how genes are regulated throughout the 

process of cell differentiation or from external stimuli. 
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APPENDIX A. SUPPLEMENTARY FIGURES FOR CHAPTER 2 

 

Supplementary figure S1  

 

 

 

 

 

 

 

 

 

Figure S1. (a) The measured fluorescence intensity of EGFP decreases as increased 

number of EGFP molecules were bound by unlabeled AP3 (left) and Alexa 647 labeled 

AP3 (right). This data was used to calculate binding affinity Kd of both unlabeled and 

labeled AP3. (b) The binding tests of AP3-Alexa 647 to other fluorescent protein such as 

mNeonGreen and mCherry shows that AP3 is highly specific for EGFP and its 

derivatives.  

 

a 

b 
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Supplementary Figure S2  

 

Figure S2 (a) AP3-Alexa 647 staining of live HEK 293 TfR-EGFP cells. (b) AP3-Alexa 

647 staining of fixed HEK 293 TfR-EGFP cells.  The staining was done on the same 

conditions for 1 hour at room temperature and imaged with the same laser power for both 

green and red channels. (c) Comparison of AP3-Alexa 647 binding to fixed and unfixed 

TfR-EGFP on cell’s plasma membrane. Background was subtracted and fluorescent 

signal of red channel was normalized to the green channel.     
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Supplementary Figure S3 

 

 

 

Figure S3. (a) Reconstructed dSTORM images of four distinct HEK293 EGFP TfR cells. 

(b) The cluster size distributions of the corresponding reconstructed dSTORM images in 

(a). The TfR cluster size distribution measured is in accordance with what has been 

reported in the literature, where the peak is between 60 and 80 nm in diameter.  
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Supplementary Figure S4 

 

Figure S4 Super-resolution structured illumination microcopy images of Nuclear Pore 

complex (NUP) antibody-Alexa 647 stained LaminA-EGFP cells. (a) The nucleoplasmic 

reticulum protrusions of the ER into the nucleus show above by lamin A-EGFP labeling 

also have nuclear pore protein complexes present, which indicates that these regions may 

be near sites of active genes. (b) On the nuclear lamina, NUP complexes tend to be 

excluded from the regions where there are aggregates of LaminA proteins.  

 

 

 

 

 

 

 



 129 

APPENDIX B. PRELIMINARY MEASUREMENTS OF  

CELLULAR NADH LEVEL DURING CANCER CELL EXTRAVASATION  

 

 In Chapter 3, we talked about the deformation of cancer cells during extravasation. 

To further understand this process, we also did some preliminary studies of the metabolic 

change occurring in cancer cells as they migrated through a confined region. Since 

cellular nicotinamide adenine dinucleotide (NADH) concentration is often used as an 

indicator of the metabolic state, it was measured using fluorescence lifetime imaging 

microscopy (FLIM) and fluorescence anisotropy microscopy. Both methods return an 

accurate measure of the ratio of protein bound NADH or free NADH, which can be 

related to metabolic state.  

 

INTRODUCTION 

 Nicotinamide adenine dinucleotide (NAD) is a cofactor involved in a multitude 

of reactions inside the cell, but its major role is as an electron carrier in metabolism and 

mitochondrial energy transduction (Figure B.1). NAD exists in two forms: NAD+ 

(oxidized) and NADH (reduced).  The NADH is auto-fluorescent when excited in the UV, 

and its oxidized form NAD+ is not1. Since NADH can bind many enzymes in the 

metabolic pathway, the NADH binding distribution was used as an indicator for 

monitoring cancer progression2. In the experiments I present here, we use the intrinsic 

fluorescence of the NADH to look for changes in the NADH binding distribution as cells 

migrating through micron scale constrictions that mimic vessel extravasation. One 

method that has been frequently used to study free and protein-bound cellular NADH 
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levels is the fluorescence lifetime imaging microscopy (FLIM)1,2,3,4. The fluorescence 

lifetime is defined in an ensemble manner. A collection of excited fluorophores will emit 

photons and return to the ground state with an exponential decay time probability. Thus, 

the fluorescence intensity after a very short pulse of light is:       

                                                        𝐼(𝑡) = 𝐼(𝑒
7ST					(equ. 4.1) 

In equation 4.1 𝜏 is defined as the fluorescence lifetime of that fluorophore – an intrinsic 

property of the molecule that is very sensitive to the environment.  𝐼(  is the initial 

fluorescence at t = 0. Since the fluorescence lifetime of free NADH is much shorter 

(~0.5ns) than when NADH is bound to a protein (> 2 ns), we can use FLIM as a measure 

of the relative amounts of free NADH vs  NADH bound to cellular components such as 

enzymes1.  FLIM can be measured either in the time or frequency domain (Figure B.2); 

in the experiments presented in this thesis I used the time-domain method that is described 

in detail later. 

 In addition to FLIM, another common fluorescence microscopy technique that 

can also be used to measure the intracellular NADH free to bound ratio is fluorescence 

anisotropy5, 6.  When a fluorescent molecule is excited by polarized light, the emitted 

fluorescence will be depolarized if the fluorophore’s emission dipole rotates away from 

the excitation polarization angle.  Large molecules rotate slowly so their emission does 

not depolarize as much, while small molecules can rotate rapidly and have a more 

depolarized emission. Steady state fluorescence anisotropy is easier to measure than 

fluorescence lifetime. The excitation beam is polarized, and the emission is split into two 

orthogonal polarizations using a polarizing beam splitter. The fluorescence anisotropy is 

defined as:   
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r =
𝐼∥ − 𝐼[
𝐼∥ + 2𝐼[

				(equ. 4.2) 

 

 

Figure B.1 The function of NADH in the electron transport chain. It acts as the 

electron donor for a redox reaction that releases energy to pump protons across the 

inner membrane of the mitochondrion (figure taken from the oxidative 

phosphorylation page on Wikipedia). 
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Figure B.2 (A) Schematic of how fluorescence lifetime is measured and calculated 

in both time domain and frequency domain. (B) Schematic of how fluorescence 

anisotropy is measured and calculated using polarized excitation (figure B.2 A taken 

from Olympus and figure B.2 B taken from AZO Materials). 
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where 𝐼∥ is the fluorescence intensity of the parallel component, and 𝐼[ is the fluorescence 

intensity of the perpendicular component. In reality, however, the fluorescence anisotropy 

of a fluorophore measured also depends on the instrument we use, so in practice we need 

to measure the “grating factor” g which is the ratio of instrument’s sensitivity towards 

perpendicular light vs parallel light. Thus, the corrected fluorescence anisotropy is 

calculated as: 

r =
𝐼∥ − 𝑔𝐼[
𝐼∥ + 2𝑔𝐼[

				(equ. 4.3) 

 Since free NADH is smaller and can rotate faster than the NADH bound to 

proteins, the fluorescence anisotropy of free NADH is different from when it is bound to 

a large enzyme for example.  As a result, we can use fluorescence anisotropy 

measurements to accurately monitor the ratio of bound to unbound NADH – parameter 

that correlates metabolic state and get at least a qualitative sense of cellular NADH levels 

from total fluorescence intensities.  

 In this research project, we use fluorescence microscopy to examine both physical 

and the metabolic state changes of a cell when it is going through a confined region. We 

ask the basic question of whether the massive distortions a cell must undergo to pass 

through a ~1-micron wide constriction causes damage to its nucleus or does the nucleus 

return to its normal morphology after such an extreme deformation. We also ask if 

changes in the state of intracellular NADH changes to a measurable extent as the cell uses 

energy to squeeze through barriers.   We address the latter question using both two-photon 

FLIM and steady state fluorescence anisotropy imaging. These studies can help us gain 

insights into the behavior of cancer cells during metastasis. 
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MATERIAL AND METHODS 

Fluorescence anisotropy and lifetime measurements 

Excitation pathway.   A 670 long-pass (LP) dichroic mirror is placed in the two-photon 

slider to split off the fluorescence that is sent to a 410 short-pass (SP) dichroic mirror that 

is rotated 90o to the primary dichroic.  A Spectra-Physics Mai Tai Ti:S femtosecond laser 

tuned to 720 nm was routed into the laser scanning microscope after passing through a 

AOM for intensity control and a Berek compensator which was used to ensure we had 

controllable linear polarization of the excitation beam out of the objective lens.  The 

Berek compensator is an achromatic optical device that provides complete control of the 

polarization properties of the laser beam, and settings (Berek rotation angle and phase 

plate setting) where found that produced X and Y polarized excitation light (X and Y are 

referenced to the sample plane XY as defined by the XY stage).  

 

Emission pathway.  Two-photon excited NADH fluorescence was detected using the 

external four-channel detector system of the Zeiss LSM880 upright microscope.  The 

instrument is designed so that the X-polarized emission (i.e. F parallel) is collected by 

PMT 3 (“R3” in the Zeiss software) and Y-polarized (i.e. F perpendicular) by PMT 4 

(“R4 in the Zeiss software).  The emission was split into its two orthogonal polarizations 

by a polarizing beam splitter mounted inside the filter cube (Figure B.3).  The two 

polarized emission passed through two 400-500 nm bandpass filters (one for each 

photomultiplier tube).  The PMTs were GaAsP based detectors with fast (~100 ps) transit 

time spread and high sensitivity.  
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Image acquisition. Fluorescence anisotropy images of cellular NADH were acquired 

on a Zeiss LSM880 upright microscope with 20x/0.75 NA coverslip corrected air 

objective. The wavelength of the two-photon excitation was 720 nm and the pulse width 

~120 fs at the sample.  Typical imaging powers used were 20-30 mW depending on the 

sample. The gain for both detectors were set to 800V. The image size was 512 × 512 with 

pixel size of 0.83µm. The pixel dwell time was 4.1µsec, and the total scan time for each 

frame was 5.03 sec. 

 

Fluorescence lifetime imaging acquisition and analysis  

 Fluorescence lifetime images using both polarization channels were acquired on 

the 880-microscope using a Becker & Hickl SPC-830 time correlated single photon 

counting (TCSPC) card and the Becker & Hickl SPCM software.   The SPC-830 PCI card 

resides in a second computer and gets the needed sync signals (pixel, line and frame) from 

the Zeiss imaging system through a Zeiss supplied sync signal breakout box.  The PMT 

signals were collected by the SPC-830 card via coaxial cables connected to the PMT 

output connectors on the detectors that is enabled when the Zeiss software is running in 

photon-counting mode.   Each FLIM image was acquired for 2 minutes, and the images 

were saved as the .img format. The FLIM image was first processed using SPCImage 

software. Each pixel was fit to a two-component exponential decay function to obtain the 

averaged fluorescence lifetime for both free and bound NADH. Since we only need the 

data from desired regions (i.e., mitochondria), an ImageJ macro was created to help select 

the regions of interest. The detailed analysis process is described below:  
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Figure B.3.  Emission pathway used for steady state fluorescence anisotropy 

imaging of cellular NADH fluorescence.   
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SPCImage was used to open a FLIM image. Since the data was taken using an 80MHz 

femtosecond laser, we chose “Incomplete Multiexponentials” setting from Option -> 

Models. The Laser Repetition Time was set to 12.5 ns. The data was fit with 2-

components (one for free NADH and the other one for bound NADH).  The fitted FLIM 

data (.asc format file) together with an image with fluorescence intensity (TIF format) for 

each pixel was exported. The first file is an N × N 2D array of ASCII numbers that 

recorded the average lifetimes in ps for each pixel. The second file is an N × N TIFF 

image. The macro was run in ImageJ, which brought up an open file dialog twice. The 

first time, the .asc file was opened, and then the .tif file was opened. Afterward, the ROI 

manager was invoked, and the measurements were set to mean ± sd (standard deviation). 

To select ROI, we first created a mask by following the steps below: 

(1) Process->Filters->Unsharp Mask (here I chose radius = 1, mask weight = 0.9) 

(2) Process->Binary-> Convert to Mask.  

(3) Analyze->Analyze Particles (size =10-infinity)  

(4) Select the ROIs you want, then select the FLIM data image and transfer the 

selected ROIs to it. 

(5) Analyze->Measure to extract the mean and standard Dev from each selected 

ROI. 

 

RESULTS 

Fluorescence lifetime & fluorescence anisotropy measurements of cellular NADH 

Initial verification and proof of principle using drug treatment.  As MDA-MB-231 

LaminA-mNG cells were used for all the measurements, we first need to verify that the 



 138 

fluorescent signal we measured was from cellular NADH instead of mNG. For the 

verification, we did two-color imaging using both 720 nm two-photon laser as well as 

488nm blue laser. We found there was no signal bleed-through of the mNG into the 

NADH imaging channel (also - mNG signal is primarily from the nucleus of the cell and 

NADH signal was mostly from mitochondria).  This verified that the signal we collected 

using two-photon excitation is from NADH. We compared the measured NADH 

concentration by comparing the NADH intensity of cells treated with rotenone to that of 

untreated cells using our system. Rotenone is known to block the electron transport chain, 

which induces an accumulation of cellular NADH. Thus, we would expect to see an 

increase in fluorescence intensity in both detector channels. Figure B.4 shows the result 

of our measurements where there is the expected fluorescence intensity increase for both 

horizontally and vertically polarized emissions indicating a decrease in the total amount 

of NADH. 

 

Fluorescence lifetime measurements.  After verifying the optical pathway and imaging 

acquisition setup, we carried out the fluorescence lifetime measurements of MDA-AB-

231 cells as they were migrating in the microfluidic device. Each fluorescence lifetime 

image was acquired for 2 minutes and fit to a 2-component exponential decay model. 

There are two reasons why we chose a 2-component fit. For one thing, we know that 

cellular NADH exists in two forms—free and bound. The two-component fit more closely 

describes the real situation. However, one might argue that NADH binds to different 

molecules, and their lifetimes might be different as well. While the statement is true, more 

parameters are not significant based on the  𝜒% value for both 2-component fit and 3- 
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Figure B.4 (A) Comparison of the fluorescent image of cellular NADH of MDA-

MB-231 cells that were treated with rotenone and that of untreated cells. (B) 

Comparison of calculated fluorescence intensity for rotenone-treated cells and 

untreated cells (Boxplots of emission intensity distribution based on N = 8 for both 

rotenone treated and untreated cells). 
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component fit where we found that the 𝜒% value was not reduced any further with the 3-

component fit.  For this reason, a 2-component fit was the used for all FLIM data. The fit 

results showed that the percentage of free cellular NADH was about 20% (data is not 

shown here).  Figure B.5 A shows the color-coded images of fitted fluorescence lifetime 

measurements of MDA-MB-231 cells. Each pixel of the image shows the averaged 

lifetime value for that pixel as indicated by the color bar on the right. Our analysis showed 

no significant difference between the weighted lifetime values for cells that were 

migrating through constrictions and cells outside constrictions (Figure B.5 B), indicating 

that there was no significant change in the ratio of free to bound NADH for MDA-MB-

231 cells as they migrated through constrictions.   

 

Fluorescence anisotropy measurements. To calculate fluorescence anisotropy, we 

need to obtain the fluorescence intensity of cellular NADH for MDA-MB-231 cells in 

both PMT channels and calculate the anisotropy on a pixel-by-pixel basis.  Figure B.6 

shows fluorescence images of MDA-MB-231 cells as they migrate through the 

constrictions. The nuclei of these cells were heavily deformed. However, for the control 

cells that were also migrating in much larger constrictions, their nuclei were not deformed. 

Based on the fluorescence intensity extracted from the two channels, we calculated the 

NADH fluorescence anisotropy of cells undergoing nuclear deformation as well as the 

cells that were not deformed using equation 4.2.   The factor g was set to 1.4 based on 

calibrations carried out earlier. The fluorescence anisotropy values calculated for both the 

cells in small constrictions and the non-stressed control cells were displayed in the box-

whisker plot in Figure B.6 B. It shows that cells with nuclear deformation exhibit smaller  
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Figure B.5 (A) Color-coded FLIM images of cellular NADH for MDA-MB-231 cells. 

(B) Weighted (a1 x t1 + a2 x t2) fluorescence lifetime comparison for cells inside 

constrictions and outside constrictions (Boxplots of fluorescence lifetime distribution 

based on N = 11 for both deformed and control cells). The median lifetime values for 

both deformed cells and control cells lie within the first quartile (Q1) and third quartile 

(Q3) of each other, indicating no significant difference among these two distributions. 
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∥ 

∥ 

⊥

⊥

Figure B.6 (A) Fluorescent images of cellular NADH for MDA-MB-231 cells 

undergoing nuclear deformation and control cell. (B) Comparison of calculated 

fluorescence anisotropy for cells undergoing nuclear deformation and control cells 

(Boxplot of fluorescence anisotropy distribution based on N = 21 for deformed cells 

and N = 16 for control cells). The median anisotropy value of the deformed cells is 

much smaller than the first quartile (Q1) anisotropy value of the control cells, 

indicating significant difference among these two distributions. 
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NADH fluorescence anisotropy (the mean value is 0.265) compared to that of non-

deformed cells (the mean value is 0.297). Since the fluorescence anisotropy is larger for 

protein-bound NADH our results indicate that the cells will have a slightly higher ratio 

of free-to-bound cellular NADH as they migrate through constrictions.  This could be a 

consequence of increased production or availability of NADH that is produced to 

maintain a larger pool for the TCA cycle.   

 

CONCLUSION  

We looked at the change of metabolic state of MDA-MB-231 cells as they were migrating 

through constrictions by measuring the fluorescence lifetime and anisotropy of cellular 

NADH. According to the literature, both the fluorescence lifetime and anisotropy increase 

when NADH is bound to a protein. Based on our measurements, we did not see a 

significant change in the NADH fluorescence lifetime when cells were migrating through 

constrictions. However, there was an increase in their fluorescence anisotropy. 

Surprisingly, we also noticed that the total cellular NADH concentration was lower for 

cells that were migrating through constrictions and undergoing nuclear deformation. One 

possible explanation is that when a cell deforms its nuclei and forces itself through a 

confined space, it consumes NADH faster. It consumes NADH so fast that the production 

rate was not able to keep up with its consumption rate, resulting in a lower cellular NADH 

level. In our case, the fluorescence anisotropy is more sensitive in capturing the change 

of metabolic state of cells as they migrate through constrictions compared to fluorescence 

lifetime measurements.  
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